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Green revolution had increased the agricultural productivity to a great extent by the 
increased use of high yielding crop varieties, use of heavy farm equipments, synthetic 
fertilizers, pesticide application, improved irrigation, better soil management and 
massive conversion of forest to agricultural lands (Tilman et al., 2002; Kassam and 
Hodgkin, 2009; Gomiero, 2011). But there is a growing concern that intensive 
agricultural practices promote large scale ecosystem degradation and loss of 
productivity. Adverse environmental effects include deforestation, soil degradation, 
large scale green house gas emissions, accumulation of pesticides and chemical 
fertilizers, pollution of ground water, decreased water table due to excessive irrigation 
(Tilman et al., 2002; Foley et al., 2011). The international fertilizer industry 
association (IFA) Agriculture Committee, projected that the global fertilizer 
consumption is expected to grow, and it will reach 199.4 million metric tonnes (Mt) 
nutrients in 2019 (Heffer and Prud’homme, 2015). The projected increase will be at 
the rate of 1.3, 2.1 and 2.4% for nitrogen, phosphorus and potassium respectively. In 
reality, an intensive agricultural practice is thought to be the major cause of loss of 
global biodiversity. Traditional agricultural practices like organic farming, that 
considerably reduce the input of chemical fertilizers, pesticides, energy and mechanic 
stress, help us in mitigating the negative effects of intensive agricultural practices and 
simultaneously  boost the sustainable agriculture production (Gomiero et al., 2011). 
However, we have an insufficient understanding about the challenges, advantages and 
constraints of low-input farming (Tscharntke et al., 2012) and the viability of organic 
farming (Wu and Sardo, 2010). 
World total population is currently around 7 billion and this is projected to increase to 
approximately 8 billion people until the year 2025 and 9 billion by 2050. Considering 
the increase in worldwide population with the increase in environmental damage due 
to ever increasing industrialization, it is clear that in coming next 50 years it will be a 
daunting task to feed the existing population, a problem that will increase with time. 
Therefore, to feed the ever increasing population, there is a need for tremendous 
increase in agricultural productivity in a sustainable and environmentally friendly 
manner. To produce more food, the world will require a variety of different strategies 
and approaches which must include sustainable and environmental friendly biological 
solution (Glick, 2014). The effective use of PGPR in agriculture in an integrated 
manner is an attractive technology to address these problems.  
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Therefore, various strategies and approaches are required to meet the food demand. 
The long term and sustainable agricultural productivity requirement must include 
sustainable and environmental friendly biological solution. One of the most promising 
approache recommended by various scientists is based on exploiting the role of soil 
microbial communities for sustainable and healthy crop production. The role of soil 
microorganisms in agriculture mainly by improving availability of plant nutrients and 
plant health as well as soil quality is well known (Barea et al., 2013, Lugtenberg, 
2015). Among soil microbes, the role of root associated microbiome in nutrient 
supply and plant protection have to be optimized (Raaijmakers and Lugtenberg, 
2013).  
Among the diverse soil microflora, plant growth promoting rhizobacteria (PGPR) 
mark an important role in enhancing plant growth through a range of beneficial effect 
both by direct and indirect mechanisms (Glick, 2012). Generally, PGPR promote 
plant growth directly by facilitating resource acquisition (nitrogen, phosphorus and 
essential minerals) or modulating plant hormone levels.  Indirectly, rhizobacteria 
promote plant growth by reducing the population of phytopathogens, production of 
antibiotics, cell wall degrading enzymes, induced systemic resistance and competition 
for colonization sites on plants (Bhattacharyya and Jha, 2012; Glick, 2012). 
The colonization of the adjacent volume of soil under the influence of root is known 
as rhizosphere colonization. Rhizosphere colonization not only works as a 
fundamental step in the pathogenesis of soil microbes but also play an important role 
in the employment of microorganisms for beneficial purposes (Benizeri et al., 2001). 
PGPR normally promotes the plant growth by establishing themselves on plant root 
and suppressing the colonization or eliminating the pathogenic microorganisms 
(Schroth and Hancock, 1982; Beneduzi et al., 2012).  The competitive exclusion of 
deleterious rhizosphere organisms is directly linked to the ability to successfully 
colonize a root surface. However, disease suppressive mechanisms were shown by 
plant growth promoting rhiozbacteria is of no use until these microbes successfully 
colonize and established themselves on root surface (Nautiyal, 1997; Meena, 2014). 
Bacterial root colonization is primarily influenced by the presence of the specific 
character of bacteria necessary for adherence and subsequent colonization. Moreover, 
several biotic and abiotic factors also play significant role in bacteria-plant root 
interaction and colonization. When an organism colonizes a root, factors like  water 
content, temperature, pH, soil characteristics, composition of root exudates, mineral 
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contents and other microorganisms may influenced the process of root colonization 
However, plants are the major determinant of the structure of microbial diversity 
(Dakora and Phillips, 2002; Philippot et al., 2013). Recent studies on the root-microbe 
interaction have indicated that rhizobacteria can establish in the root zone and form 
biofilm and biofilm like structure. Such phenomenons are considered as survival 
strategy by the rhizobacteria which provide protection to stress condition (Timmusk 
and Nevo, 2011).  
Biofilms are assemblages of microorganism adhered to each other and/or to a surface 
and embedded in a matrix of exopolymers (Branda et al., 2005; Vlamakis et al., 
2013). These biofilms work as microniches, which are entirely different from their 
surrounding environment and stimulates the microbes to work as a family not possible 
in planktonic state or outside biofilms. The list of the possible effect of biofilms on 
bacterial ecology and biology, such as protection from desiccation, salinity, UV 
exposures, acid exposures, metal toxicity, predation and bactericides, enhancement of 
genetic exchange and of synergistic interactions is impressive (Hall-Stoodley et al., 
2004; Vlamakis et al., 2013). Biofilms might also foster the expression of density-
dependent phenotypes. Induction of the expression of certain bacterial genes in a 
density-dependent manner is known to require the accumulation of diffusible 
molecules such as acyl homoserine lactones via process called quorum sensing (Li 
and Tian, 2012). 
Research on microbial biofilms is proceeding extensively in many fronts in medical, 
environmental and food industry (Hall-Stoodley et al., 2004; Van Houdt and 
Michiels, 2010). Biofilm formation have been extensively demonstrated by bacteria 
on various biotic and abiotic surfaces such as  mineral crystals, corrosion particles, 
clay, silt particles, living cells/tissues of human, animals and plants etc. However, 
biofilm research associated with plant surfaces and its understanding is still poor. This 
is probably due to the complexity of microbes in the soil-root association and 
difficulties in studying the mixed biofilm under natural/ simulated models (Burmolle 
et al., 2014). However in last one decade many researchers have explored the 
beneficial biofilm associated with plants (Timmusk et al., 2005; Vlamakis et al., 
2013). It has been demonstrated that beneficial biofilm associated with plant root 
could be exploited to enhance plant protection and growth promotion even under 
stress conditions (Timmusk et al., 2014). Since the microbial physiology in the 
biofilm form is different compared to planktonic mode of growth, it is of paramount 
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importance to assess the biofilm forming potential of PGPR in vitro and under soil-
root system to explore the role in effective root colonization and benefits to plants in a 
sustained and consistent manner. Commercially many crops were intentionally 
inoculated with different rhizobacteria in crop production (biofertilizer) and 
protection (biocontrol).  PGPR are supposed to establish and maintain a minimum 
threshold population size in the rhizosphere in order to impart their beneficial effects. 
The major limitation of such microbial inoculants is their inconsistency in their 
performance, which is due to various biotic and abiotic factors including poor root 
colonization.  
Efforts have been made to developed biofilmed biofertiliser to enhance survival and 
cell density of inoculants under field conditions. It has been suggested that indigenous 
rhizobacteria exhibiting multiple PGP traits and tolerance of environmental conditions 
may be more suited and adapted to local ecological conditions (Ahmad et al., 2008a). 
However, no systemic efforts have been made from India to explore the role of 
biofilm formation in root colonization under natural condition. Therefore, it is 
hypothesized  that indigenous isolates of plant growth promoting rhizobacteria 
capable of forming strong biofilm may be more effective in root colonization and may 
promote plant growth effectively under field condition. 
Considering the importance of biofilm formation by PGPR on plant surface and its 
beneficial impact, the present study has been planned with followings aims and 
objectives.  
I.  To isolate and identify the selected rhizobacteria for their biofilm forming ability in 
vitro. 
II. To assess the tolerance among isolated bacteria to salt, antibiotics, and heavy 
metals.   
III. Detection and quantitative estimation of plant growth promoting (PGP) activities 
of test bacteria. 
IV. To assess the root colonization by selected biofilm forming rhizobacteria having 
multiple PGP traits. 
V.  Performance of efficient root colonizing bacterial strains on plant growth and 
yield characteristics under control and field conditions. 
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2.1. An introduction to plant growth promoting rhizobacteria 
Agriculture in twenty first century faces challenges, associated with loss of soil 
fertility, increased use of synthetic fertilizers, pesticides, drought, salinity, fluctuating 
climatic conditions and growing attack on crops by pathogens and pest. The global 
need to enhance agricultural production from rapidly shrinking land resources had 
placed considerable strain on the fragile agroecosystem (Tilak et al., 2005; 
Gomiero et al., 2011). It is the fact that intense external input oriented agriculture, 
which was part of our Green Revolution Strategy, has depleted soil fertility 
considerably in our major agricultural systems. This is reflected in the declining trend 
of total production from the same land, diminishing response of food grain increase to 
applied fertilizer nutrients reduction in the organic matter content of the fertile soil 
and increase in the productivity, constraints to land such as ground water depletion, 
salinity, acidity, alkalinity and (Raman, 2005). Worldwide the remarkable 
enhancement in agricultural and industrial production causes severe environmental 
degradation. Modern agriculture is severely modified and polluted the natural 
environment due to the wide application of chemical fertilizers, herbicides and 
pesticides. These fertilizers, herbicides and pesticides are known to be mutagenic and 
carcinogenic (Abboud, 2014). Agricultural sustainability, environmental safety and 
increased crop production can be achieved by employing eco-friendly methods like 
the use of bioinoculant and biopesticides (Bhardwaj et al., 2014). The beneficial 
effects of microbial inoculants, mainly plant growth promoting rhizobacteria (PGPR) 
necessitates the demand for increased research and their utility in modern agriculture. 
Plant growth promoting rhizobacteria (PGPR) are the diverse class of microbes that 
inhabit the plant root as ectophytes or endophytes, enhancing the host plant growth by 
both direct and indirect mechanism. PGPR can stimulate plant growth by increasing 
the plant nutrition by several mechanisms like the production of plant growth 
hormones, nitrogen fixation and phosphate solubilization, siderophore production 
(Glick, 1995; Ahmad et al., 2008a; Bhattacharyya and Jha, 2012). Maintaining soil 
fertility, environmental safety and increased crop production are the major task which 
is to be addressed in modern agriculture.  
The use of PGPR for enhancing crop productions, soil and plant health had been in 
practice since long. While scientist around the globe has dramatically increased our 
knowledge of the mechanism employed by diverse PGPR in the last few decades 
(Glick, 2014). Further, in depth additional understanding of the fundamental 
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mechanism of their plant-bacteria interaction and their beneficial association will 
likely to hasten the acceptance efficacy of these microorganisms as suitable and 
effective adjuncts to agriculture practices. Therefore, new dimension and fundamental 
mechanism must be explored before increasing practical use of these microorganisms 
in crop production approaches. 
The rhizospheric soil is directly influenced with plant root exudates and considered 
sink of nutrients compared to bulk soil. The nutrients that are present in rhizospheric 
soil consist of numerous amino acids, fatty acids, nucleotides, organic acids, phenols, 
plant growth regulators/ promoters, putrescine, sterols, sugars and vitamins. The 
availability of nutrients in and around roots consequently increased the microbial 
population (bacteria, fungus, algae and protozoa) among which bacteria and fungi 
influence the plant growth in a significant manner (Uren, 2001). Rhizobacteria were 
categorized depending upon their presence as (i) bacteria living in soil that tightly 
adhered to the roots (rhizosphere) (ii) bacteria that adhered to root surface 
(rhizoplane) (iii) bacteria residing inside root tissues, occupying spaces between 
cortical cells (endophytes) and (iv) bacteria residing in root nodules of legumes and 
woody plants (symbiotic) (Glick, 1995). Microbes that belong to any of these 
categories that can directly improve plant growth either by increasing nutrient uptake 
of nitrogen, phosphorus and other important minerals or changing the level of 
phytohormones and indirectly by diminishing the harmful effects of various 
phytopathogens in the form of biocontrol are referred as plant growth promoting 
rhizobacteria (PGPR) (Kloepper et al., 1989). Vessey (2003) categorized the bacteria 
belonging to the above mentioned first three groups as extracellular PGPR (ePGPR) 
which includes the genera Bacillus, Pseudomonas, Erwinia, Caulobacter, Serratia, 
Arthrobacter, Micrococcus, Flavobacterium, Chromobacterium, Agrobacterium, 
Hyphomycrobium and the fourth group as intracellular PGPR (iPGPR) includes the 
genera Rhizobium, Bradyrhizobium, Sinorhizobium, Azorhizobium, Mesorhizobium 
and Allorhizobium. 
The application of different PGPR in the form of single or mixed bioinoculants for 
minimizing the dependence on chemical fertilizers without decreasing the 
productivity is currently a main thrust of research in the field of crop productivity 
(Trivedi et al., 2012). The exploration of different PGPRs is gaining momentum and 
serious attempts have been made to utilize them as bioinoculants for different 
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economically important crops (Saharan and Nehra, 2011; Glick, 2014; Zahid et al., 
2015). 
 2.2. Rhizosphere  
The term rhizosphere was first used by Hiltner in 1904 to describe the zone of soil 
under the influence of roots. (Hiltner, 1904; Hartmann et al., 2008). The rhizosphere 
can extend more than 5mm from the root and more importantly, is the area of 
increased microbial activity, received ample attention from scientists in different 
disciplines. Similarly, the area of increased microbial activity around the seed is 
called the Spermosphere coined by Slykhius in 1947. The above ground plant 
surface, the so-called phyllosphere, harbors microbial communities that have more 
recently been studied in detail (Vorholt, 2012). The microbial activity in the 
rhizosphere is necessary for proper functioning of the plant as it helps the plant in the 
acquisition of nutrients and providing protection from phytopathogens (Berendsen et 
al., 2012).  
Rhizosphere has been broadly subdivided into three zones (Lynch, 1987). (1) 
Endorhizosphere: this includes the root tissue along with endodermis and cortical 
layers. (2) Rhizoplane: it is the root surface where soil particles and microbes adhere 
and includes epidermis, cortex and mucilaginous polysaccharide layer. (3) 
Ectorhizosphere: this includes the soil adjacent to the root. Besides, these three 
zones, many other layers can also be defined in some cases. Like in plants colonized 
with mycorrhizae, there is a zone called as mycorrhizosphere (Linderman, 1988). 
Moreover, the root is the essential part of rhizosphere where endophytic microbes 
colonize the inner root tissues (Bowen and Rovira, 1999). The area of the soil not 
influenced by the root is known as bulk soil (Calvaruso et al., 2014). Thus, 
rhizosphere forms distinct region that is different from bulk soil. 
The microorganism population, composition largely determines the productivity 
under sustainable agricultural system (van der Heijden et al., 2008). However the 
effects of agricultural practices on soil microbiome are complex and diverse and 
achieving universally consistent results of organic farming systems is highly difficult 
(Nelson and Spaner, 2010). The complexity of microbial life and the technical 
limitations for studying its components have so far restricted our knowledge about the 
interactions between low input farming and microbial diversity. New high throughput 
DNA sequencing technology have created means to investigate the soil microflora 
with more precision and can shed more light on the community as well as taxonomy 
 8
level responses to agricultural management (Taberlet et al., 2012). Modern techniques 
like metagenomics and metatranscriptomics contribute in an easy way for the study of 
genomics and gene expression that are involved in plant-microbe interactions in the 
plant rhizosphere. More over these techniques also give necessary knowledge related 
to the metabolic capability and ecological activities of rhizospheric microflora. 
Besides contributing to plant growth and development the plant-microbe interactions, 
also help in characterization of the suitable habitats (Coats and Rumpho, 2014).  
2.3. Rhizosphere effect 
Rhizosphere effect a term coined by Starkey (1938), is defined by collective processes 
occurring at the root-soil interface of a plant and includes root exudation, microbial 
activity, genetic exchange, nutrient transformation and gradient diffusion (Starkey, 
1938). An understanding of the types of organic compounds available for microbial 
growth in the rhizosphere and how various physical, chemical and biological factors 
influence the release of these compounds from the root is necessary both to 
understand and the stimulation of microbial growth and activity in the rhizosphere and 
to develop rhizosphere soil microbial technologies. The ability to secret a vast array of 
compounds into the rhizosphere is one of the most significant metabolic features of 
plant roots, with nearly 20-50% of all photosynthetically fixed carbon being 
transferred to rhizosphere through root exudates that constitute 20-30% for cereals 
crops and 30-50% for pasture plants (Kuzyakov and Domanski, 2000; Kuzyakov et 
al., 2002; Hirsch et al., 2013). Due to intensive carbon uptake by the roots, other 
nutrients in the rhizosphere are strongly limited (Breland and Bakken, 1991; Saharan 
and Nehra, 2011) whereas, in a root-free soil, all the nutrients except carbon are 
unlimited (Wardle, 1992; Saharan and Nehra, 2011).  The diversity of organic 
compounds released by plant roots includes various sugars, amino acids, organic 
acids, fatty acids, sterols, growth factors and vitamins, enzymes, flavones and 
purines/nucleotides and several other compounds belonging to different chemical 
groups (Curl and Truelove, 1986; Uren, 2001; Dakora and Phillips, 2002). These 
components generate distinctive habitat for the rhizospheric microbial population. The 
release of wide range of compounds alters the physico-chemical properties of the soil 
and assist in modulation of soil microbial communities associated with rhizospheric 
soil (Dakora and Phillips, 2002). The abundance of easily available carbon and 
nutrients together makes the rhizosphere completely different from non-rhizospheric 
soil. Discharge of organic carbon by the plant roots as exudates enhanced the 
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microbial activity and their numbers in the rhizospheric soil as compared to bulk soil 
(Hartmann et al., 2009).  
2.4. Root colonization by rhizobacteria 
Adherence of bacteria to the plant root and rhizosphere and their survival in the 
presence of native microflora is known as root colonization (Weller, 1988). Root 
colonization is a necessary for PGPR for plant-bacteria interaction (Timmusk et al., 
2005). Root colonization is responsible for large population densities of PGPR on 
rhizoplane and rhizosphere of host plant. It also plays important role in the transport 
of antimicrobial metabolites that are directly involved in plant disease suppression 
(Raaijmakers et al., 2002). 
For field application an important characteristic of PGPR is their ability to colonize 
the root of host plant and their movement along the growing roots. PGPR are required 
to maintain a critical level of their population in order to exert their beneficial effects 
on plant growth and disease suppression. The colonization of plant root by PGPR is 
the outcome of the communication with physical, chemical and biological characters 
of the surrounding environment and bacterial traits itself. Therefore, an understanding 
of colonization mechanism is necessary in order to screen the PGPR for their 
application to improve plant growth and yield (Podile et al., 2014) as poor root 
colonization deceases the PGP effects and biocontrol activity of PGPR. 
The process of root colonization involved two different steps. The first step involved 
the adherence of bacteria to the root surface called as adsorption and controlled by 
bacterial surface proteins, capsular polysaccharides (CPS) and flagella. This 
attachment is weak, reversible attachment. The second step called anchoring is 
irreversible, occurs after 8-16 h of inoculation and is decided by bacterial surface 
polysaccharides (Michiels et al., 1991). Moreover, it has been reported that in 
addition to bacterial protein and flagella different types of pili are also involved in 
efficient root colonization. 
Generally, classical approaches like plate dilution method are used to enumerate the 
root colonizing population of introduced bacteria. The bacterial count is performed on 
nutrient media supplemented with antifungal antibiotics (Gamalero et al., 2003). The 
dilution plating methods involved the use of spontaneous chromosomal mutant strains 
with antibiotic resistance to differentiate the introduced bacteria from indigenous 
population. Generally, rifampicin is used to create resistance. However, the dilution 
plating methods has disadvantage that only a small fraction of bacterial population 
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can be retrieved. The direst visualization of bacteria colonized on host plant root 
system was performed by using various techniques like immunofluorescence 
microscopy, immunofluorescence colony (IFC) staining technique, scanning 
microscopy, and confocal laser scanning electron microscopy (Bouizgarne, 2013). In 
addition to the classical techniques used for detection of introduced bacteria, 
immunological techniques such as ELISA (REF) and IFC staining, flow cytometry, 
bioluminescent lux gene tagged bacteria and fluorochrome-labeled RNA-directed 
probes (Assmus et al., 1995; Gamalero et al., 2003; Bouizgarne, 2013) and  molecular 
fingerprinting methods such as amplified rDNA restriction analysis (ARDRA), 
whole-cell repetitive sequence-based polymerase chain reaction (rep-PCR), random 
amplified polymorphic DNA (RAPD) analysis, and restriction fragment length 
polymorphism (RFLP) allowed the detection of bacteria in soil-plant system 
(Bouizgarne, 2013). Next-generation sequencing is now frequently used to identify 
microbial taxa in the rhizosphere with considerable resolving power. Although a 
reduction of microbial diversity is often reported in the rhizosphere compared with in 
the bulk soil, providing a general description of the rhizosphere microbiome is 
difficult owing to large discrepancies between different studies, which might be due 
not only to biological variability, as detailed below, but also to practical issues related 
to the actual sampling of the rhizosphere (Berg and Smalla, 2009). Furthermore, in 
addition to descriptive analyses of the rhizosphere microbiome, there is a strong need 
to elucidate the mechanisms underlying the selection of specific populations of 
microorganisms among the soil-borne communities (Philippot et al., 2013).  
The application of genetically engineered bacteria deficient in some important root 
attachment could influence their efficacy. In pseudomonas, the role of flagella, pili, 
O-antigens of lipopolysaccharide (LPS) and outer membrane protein OprF are directly 
involved in the adherence of bacteria with host plant roots. Mutants deficient in O-
antigen of LPS cannot compete for colonization site (Dekkers et al., 1998). Thus, root 
colonization by PGPR is important step for their application to improve plant growth 
and health. 
2.5. Root exudates and its importance in root colonization 
The structural and functional diversity of rhizospheric microorganisms attached to 
different plants such as Arabidopsis, Medicago, maize, pea, sugar beet and wheat are 
framed by plant growth stages. For example, rhizosphere microbial population in 
early development of Arabidopsis were different from the microbial population 
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compared to bulk soil and this difference decreased with plant age (Micallef et al., 
2009). Plant root exudates consist of several compounds and phytochemicals that 
were produced at different stages of plant development that shape the microbial 
communities of rhizosphere (Haldar and Sengupta, 2015). 
It is now commonly accepted that root exudates play a vital role in the rhizosphere 
communication between plant and microbes (Bais et al., 2004; Sun et al., 2012). Root 
exudates not only serve as carbon source for soil microbes, but also act as signal 
molecules for microbes (Badri et al., 2009). Organic acid, like mailc acid and others 
are one of the important components of root exudates (Ling et al., 2011). Andersen et 
al. (2007) and Chen et al. (2012) reported the regulatory roles played by organic acid 
in plant-microbe interactions. de Weert et al. (2002) reported the role of organic acids 
in chemotactic response of Pseudomonas fluorescens WCS365. Rudrappa et al. 
(2008) confirmed the role of L-malic acid in root colonization of Bacillus subtilis 
FB17.  Similarly, Ling et al. (2011) also established the role of watermelon root 
exudates in the recruitment of Paenibacillus polymyxa SQR-21. 
Several studies showed the involvement of malic acid in the Bacillus biofilm 
formation on the root surface of plants (Rudrappa et al., 2008; Tan et al., 2013). 
Zhang et al. (2014) also found that citric acid could stimulate the biofilm formation 
and colonization of plant growth promoting bacteria on the root surface of cucumber. 
Moreover, oxalic acid was found to act as a pathogenicity factor during fungal 
infection (Schoonbeek et al., 2007).  
2.6. Rhizosphere as habitat for plant growth promoting bacteria 
Microbes comprise most astonishing and universal life on earth still they are 
distributed inconsistently in different habitats across the globe. Large parts of the 
microbial communities are confined to nutrient rich habitats like the rhizosphere that 
are supported by continuous availability of nutrients. The rhizosphere works as a pool 
for different soil microbes and treated like the hot spot for microbial activities and 
works as the largest ecosystems on planet earth that involves the flow of considerable 
amount of energy (Barriuso et al., 2008; Prashar et al., 2014). Normally, considered 
as a thin zone (1-2mm), it consists large amount of soil, which differ significantly 
with plant type, soil, and root structure and the methods employed to decide its limit 
as it does not consist any well defined boundary (Hinsinger et al., 2005). Due to their 
close proximity to the plant, the vast diversity of microbes that is present in the 
rhizosphere influence the host plant in different ways. Depending upon the nature of 
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associations of these microbes, these may be broadly categorized as plant growth 
promoting rhizobacteria (PGPR) and phytopathogens. Therefore, it is necessary to 
understand the composition, ecology, dynamics and activities of the rhizospheric 
microbial population, before their use in sustainable agriculture. There are various 
approaches for studying microbial diversity, which can be broadly divided into two: 
(i) cultivation based methods and (ii) cultivation independent method. Both 
approaches have their own limitations and advantages. Cultivation based method is 
most commonly used classical approach for studying microbial diversity (Van Elsas, 
1998). A wide variety of culture media has been designed to maximize the variety and 
populations of microorganisms. Several biolog based method, where different sources 
of carbon are used (Rincon-Florez et al., 2013). 
The release of rhizodeposits by the plant roots in the form of nutrients, exudates, 
border cells and mucilage attract and serve as a habitat for a variety of 
microorganisms like bacteria, fungi (including arbuscular mycorrhizal fungi- AMF), 
oomycetes, viruses and archaea. Rhizosphere microbial population can directly and 
indirectly affect the composition and biomass of plant communities in natural and 
agricultural ecosystems. Moreover, the diversity and genotypes of plants can 
influence the composition of their associated microbial communities (Philippot et al., 
2013). 
Many independent studies have depicted proteobacteria (for example, bacteria from 
the Pseudomonadaceae or Burkholderiaceae family) as dominant members of the 
rhizosphere microbiota. This is in line with proteobacteria being generally fast-
growing strategists with the ability to utilize a broad range of root-derived carbon 
substrates. Indeed, providing CO2 to plants revealed that most of the bacteria 
assimilating the labelled exudates were phylogenetically close to members of the 
order Burkholderiales (Vandenkoornhuyse et al., 2007; Peiffer et al., 2013).  
The microbes which are attached to seeds are also supposed as potential source for 
rhizospheric microbial population in addition to plant type, species and genotype. 
Although, several studies have been conducted to demonstrate the rhizospheric 
colonization by introducing specific microorganisms through seed inoculation 
(Lugtenberg and Kamilova, 2009). Bakker et al. (2012) found that the species 
diversity of neighboring plant directly affect the composition of other plant species. 
The idea of biodiversity has witnessed a significant increase in scope, with the 
addition of more new species. Study of microbial diversity is fascinating as microbes 
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are present everywhere. The increase in our knowledge of microbial diversity is due 
to the recent developments in various new techniques that permit us to study the 
microbial diversity. It is now well understood that, for several decades, 
microbiologists had largely miscalculated the microbial diversity by depending on 
cultivation-based techniques, which reveals only a selected microbial population, able 
to grow under in vitro conditions (Fierer and Lennon, 2011). On the other hand for 
knowing functional diversity we are dependent on culture base analysis of 
rhizospheric microbes. 
2.7. Rhizobacteria and their mechanism of plant growth promotion 
The term PGPR was first coined by Kloepper and Schroth (1978) to explain the soil 
bacteria that colonize and grow in the rhizosphere of the plants and enhance the plant 
growth by several direct and indirect mechanisms. Since, that time, the research 
studies are attempted to elucidate the mechanism of action of these microbes which, 
increases the plant growth, which leads to the publications of several repots related to 
the microbes. Primarily, the screening of PGPR in vitro for their plant growth 
prompting (PGP) traits (phytohormones, sidrophore, phosphate solubilization and 
nitrogen fixation) were used to isolate PGPR from rhizospheric soil and then they 
were screened for their expression of PGP traits in plants under axenic conditions 
(Ahmad et al., 2008a; Glick, 2012; El-Sayed et al., 2014; Zahid et al., 2015). After 
screening under controlled conditions, the PGPR with promising traits, were selected 
and employed as bioinoculants for plant grown under pot and field trials. The use of 
PGPR in legume crops has been largely limited to rhizobia, which was manipulated to 
increase the growth of legumes by nodulation and nitrogen fixation. This is due to the 
colonization and establishment of soil-borne rhizobia with legumes. Thus, rhizobia 
can be regarded as best known PGPR, used as biofertilizer. The beneficial effects of 
PGPR-plant interactions on plant growth and health was due to the increased 
availability of nutrients, suppression of phytopathogens (Glick, 2012). The direct 
mechanism of plant growth includes the production of plant growth hormones like 
auxins, gibberellins, cytokinins, symbiotic nitrogen fixation, solubilization of mineral 
like phosphorus and other nutrients, and production of 1-aminocyclopropane-1-
carboxylate (ACC)-deaminase which decreases the ethylene levels in the roots plants. 
The indirect mechanism of plant growth stimulation is based on biocontrol activities 
and induced systemic resistance (Bashan and Holguin, 1998; Ahmad et al., 2008a; 
Ahemad and Kibret 2014). Several PGPR was used as bioinoculants available 
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commercially for crop production (Glick, 2014). Moreover, their popularity is on the 
increase due to the advance research that enhanced their consistency and effectiveness 
(Thakore 2006; Berg and Smalla, 2009; Pérez-Montano et al., 2014). Bioinoculants 
are divided into three groups, (1) arbuscular mycorrhizal fungi (AMF), (2) PGPR, and 
(3) symbiotic-nitrogen-fixing rhizobia. The PGP activities of each group have been 
evaluated separately (Dobbelaere et al., 2001; Murray et al., 2011; Glick, 2012). 
Further, several investigations are being carried out for assessing their PGP effects by 
the application of these microbes in different combinations (Mader et al., 2011; 
Kumar et al., 2014b; Majeed et al., 2015). However, better knowledge of different 
mechanism of plant growth promotion is necessary to characterize the specificity of 
PGPR for any particular geographical region and crop. A brief description of common 
rhizobacteria under study is mentioned below. 
2.7.1. Pseudomonas spp. 
Pseudomonas are chemoorganotrophic and aerobic Gram –ve straight or slightly 
curved rods, but not helical. 0.5-1.0 x 1.5-5.0 µm in size. Many species accumulate 
poly β-hydroxybutyrate as carbon source. No resting stages are known. Motility 
occurs by one or more polar flagella, rarely non-motile. They are phylogenetically 
classified as γ-proteobacteria. Widely distributed in nature. Pseudomonas are best 
studied PGPR till date. Pseudomonades have diversified plant growth promoting 
activities (Glick, 1995; Podile and Kishore, 2006; Goswami et al., 2016). The positive 
influence of these bacteria is due to the capability to improve plant growth and 
suppression of phytopathogens. Patten and Glick (2002) reported the role of IAA in 
50% increase root length compared to IAA deficient mutant. 1-amino cyclo propane 
1- carboxylic acid (ACC) deaminase activity is also found in P. putida G12-2. 
Pseudomonas fluorescence CHAO a well studied biocontrol agent, known for the 
production of different antibiotics, hydrogen cyanide and siderophore. Sharma et al. 
(2003) reported that when Vigna radiata plant, inoculated with siderophore producing 
Pseudomonas strain GRP3 and grown in iron limiting conditions, results in reduced 
chlorotic symptoms and increased chlorophyll content compared to uninoculated 
plants. Similarly, Vansuyt et al. (2007) reported that Fe-pyoverdine complex 
synthesized by Pseudomonas fluorescens C7 was taken up by Arabidopsis thaliana 
plants, leading to an increase of iron inside plant tissues, which improved the plant 
growth.  
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2.7.2. Bacillus spp. 
The genus Bacillus is a heterogeneous collection of aerobic or facultative anaerobic 
endospores forming bacteria that are universally present in many environments and 
they are widely used in agriculture as plant growth promoting and disease suppressing 
agents. These are gram positive, motile, chemoorganotrophic, rod shaped and straight, 
0.5-2.5 x 1.2-10 µm. Arranged in pairs or chains, with rounded or square ends. 
Motility takes place by peritrichous flagella.  They are capable of forming endospores 
that allow them to survive for extended periods under adverse environment 
conditions. Endospores are oval and sometimes round or cylindrical. Some of the 
members of this family are diazotrophs. Some Bacillus species can fix nitrogen. 
Bacillus species have been reported to promote the growth of many plants 
(Bhattacharyya and Jha, 2012; García-Gutiérrez et al., 2013).  
2.7.3. Azotobacter spp. 
The genus Azotobacter comprises large Gram negative and, obligatory aerobic rods to 
oval shape, capable of fixing N2 non-symbiotically. Chemoorganotrophic, 1.5-2.0 µm 
in diameter. Occur singly, in pairs, or irregular clumps and sometime in chains of 
varying length. Do not produce endospores but form cysts. Motility takes place by 
peritrichous flagella or cells are non-motile. Water-soluble and water-insoluble 
pigments are produced by some strains of all species. Phylogenetically it is identified 
as β-proteobacteria. Azotobacter can form resting structure called cysts which are 
resistant to desiccation, mechanical disintegration, and ultraviolet and ionizing 
radiation (Madigan et al., 2012). Nitrogen fixers, generally fix non-symbiotically at 
least 10 mg of N2 per g of carbohydrate (usually glucose) consumed. Molybdenum is 
required for nitrogen fixation. In Azotobacter nitrogenase is protected from oxygen 
inactivation by complexing with a specific protein, and this is called conformational 
production (Madigan et al., 2012). Despite of its ability of N2 fixation Azotobacter is 
also known for its plant growth promoting activities. Azotobacter is also known to 
promote plant growth through the synthesis of auxins, cytokinins and gibberellic acid 
like substances (Prashar et al., 2014). 
2.7.4. Klebsiella spp. 
These are gram negative, non-motile, chemoorganotrophic, straight rods, 0.3-1.0 µm 
in diameter and 0.6-6.0 µm in length, arranged singly, in pairs or in short chains. 
Belongs to family Enterobacteriaceae. Cells are capsulated. Plant growth promoting 
characteristics of Klebsiella sp. is attributed due to their production of indole acetic 
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acid, (IAA), siderophores, exopolysaccharides, phosphate solubilization, hydrogen 
cyanide and ammonia production (Ahemad and Kibret, 2014). Klebsiella sp. can fix 
nitrogen in legumes and non-legumes (Liu et al., 2011). Iniguez et al. (2004) reported 
nitrogensase activity in Klebsiella sp. associated with maize and wheat. Sachdev et al. 
(2009) found that Klebsiella pneumoniae significantly increased the root length and 
shoot length of wheat under pot experiments. Wu et al. (2014) demonstrated that 
encapsulated Klebsiella oxytoca Rs-5 isolated from salinized soil promote cotton 
seedling growth under salinity stress and showed enhanced root colonization 
compared to free bacterial treatments under pot experiments. Similarly, Prapagdee et 
al. (2013) isolated Cadmium resistant Micrococcus sp. MU1 and Klebsiella sp. 
BAM1 rhizobacteria that produced high levels of IAA and promoted root elongation 
of Helianthus annuus under toxic cadmium concentrations. These two rhizobacteria 
promoted plant growth and Cadmium accumulation in Helianthus annuus planted in 
Cadmium polluted soil. 
2.8. Mechanism of plant growth promotion 
PGPR are free-living rhizobacteria, which colonizes plant roots and improves the 
plant growth. The PGPR improves the plant growth and development either by 
production of phytohormones, nitrogen fixation and phosphate solubilization or by 
increasing the uptake of water and minerals. These activities lead to the enhanced root 
length, suppression of phytopathogens (figure R-1). These capabilities of PGPR play 
an important role in agriculture productivity and dependence on chemical fertilizers. 
Various mechanism used by various PGPR have been well documented as reviewed 
in table R-1. 
Table R-1. Plant growth promoting substances secreted by rhizobacterial isolates.  
Rhizobacteria PGP traits References 
Pseudomonas fluorescens IAA, phosphate solubilization, ACC 
deaminase 
Jeon et al., 2003; Cheng 
et al., 2007 
Pseudomonas putida and 
Bacillus amyloliquefaciens 
IAA, siderophores,  phosphate 
solubilization, ACC deaminase, 
biofilm formation, motility 
Kumar et al., 2016 
Pseudomonas aeruginosa and 
Bacillus subtilis 
IAA, siderophore, HCN,  phosphate 
solubilization, antifungal activity, 
ACC deaminase, 
Adesemoye et al., 2008 
Azotobacter, fluorescent 
Pseudomonas, Mesorhizobium  
and Bacillus sp. 
IAA, siderophore, ammonia, HCN, 
phosphate solubilization and 
antifungal activity 
Ahmad et al., 2008a 
Paenibacillus durus IAA, P solubilization, Siderophore, 
Antifungal activity, ammonia 
Ahmad et al., 2016 
Klebsiella pneumoniae IAA, nitrogenase activity Sachdev et al., 2009; 
Bhattacharyya and Jha, 
2012 
 17 
Klebsiella sp. IAA, siderophores, HCN, ammonia, 
exopolysaccharides, phosphate 
solubilization 
Ahemad and Khan , 2011; 
Sharma et al., 2013 
Azotobacter  sp.  IAA, phosphate solubilization, 
siderophore, 
Farajzadeh et al., 2012 
Bacillus sp. ACC deaminase, lAA, Siderophore, 
Psolubilization, Lytic enzyme, HCN 
Kumar et al., 2012 
Agrobacterium, Burkholderia, 
Enterobacter, Pseudomonas, 
Pseudacidovorax  
IAA, siderophore, phosphate 
solubilization 
Souza et al., 2013 
Enterobacter sp. ACC deaminase, IAA, siderophore, 
phosphate solubilization 
Kumar et al., 2008; 
Sharma et al., 2013 
Pantoea NII-186, 
Exiguobacterium NII-0906 
IAA, siderophore, HCN, phosphate 
solubilization, antifungal activity 
Dastager et al., 2009; 
Dastager et al., 2010 
ACC-1-Aminocyclopropane-1-carboxylate, IAA-Indole acetic acid, HCN-hydrogen cyanide 
 
 
 
 
 
Figure R-1.  Mechanism of plant growth promotion by PGPR. 
2.8.1 Biofertilization 
Biofertilization of crops with plant growth promoting microorganisms is considered 
most effective ecofreindly strategy for crop production with minimum use of 
inorganic fertilizers. Kloepper and Schroth (1981) reported that, PGPR based plant 
growth promotion takes place by the making changes in the entire microbial 
community of rhizosphere through the secretion of various compounds. Rhizobacteria 
that promote plant growth by improving the nutrient uptake of the plants are termed 
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biofertilizers. These bacteria have a role in improving the nutrient status of host plants 
by fixing nitrogen, improving the availability of nutrients, increase in root surface 
area and enhancement in beneficial symbiosis of the host (Pérez-Montaño et al., 
2014). Generally, the growth is the result of the combined effects of these traits. 
Plants can absorb nitrogen (N), which is one of the key plant nutrients, from the soil 
as nitrite, nitrate or ammonia (Pérez-Montaño et al., 2014).   
Most of the agricultural soils are deficient in these forms of nitrogen and the nitrogen 
applied in the form of chemical fertilizers is normally washed during rainfall or by 
mineral leaching. Atmospheric N2-fixing bacteria such as Rhizobium and 
Bradyrhizobium can create symbiosis forming nodules on the roots of leguminous 
plants such as chickpea, soybean, pea, peanut and alfalfa, in which they convert N2 to 
ammonia, which can be utilized by plant as a nitrogen source (Murray, 2011). 
However, this process is practically restricted to legume crops. Whereas, several non-
symbiotic bacteria have been identified as free-living N2-fixers such as Azospirillum, 
Azoarcus, Azotobacter, Bacillus polymyxa, Burkholderia, Gluconoacetobacter or 
Herbaspirillum. These PGPR can fertilize many important agronomic plants like 
wheat, sorghum, maize, rice, soybean, chickpea, and sugarcane (Mäder et al., 2011; 
Pérez-Montaño et al., 2014). The application of these PGPR, normally improves 
plant’s dry weight, flowering and grain yield. But, the increase in production as a 
result of application of PGPR could be due to the improvement in root growth, which 
increases the water and mineral uptake (Okon et al., 1998). Another, important plant 
nutrient is phosphorus (P). Although, it is present in soil in large amount, but mostly it 
is not available to plants, which hindered their growth significantly. Many PGPR can 
solubilize, the unavailable form of phosphorus through acidification, chelation or 
through enzymatic activity (Hameeda et al., 2008; Richardson et al., 2009). Bacteria 
belonging to genera such as Azospirillum, Bacillus, Burkholderia, Erwinia, 
Pseudomonas, Rhizobium or Serratia are reported as phosphate solubilizers (Sharma 
et al.,  2013). Moreover, application of PGPR can improve plant absorption of several 
other nutrients such as Ca, K, Fe, Cu, Mn and Zn. This absorption normally takes 
place during acidification of rhizospheric soil by the secretion of organic acids or by 
the activation of proton pump ATPase (Mantelin and Touraine, 2004). 
2.8.2. Nitrogen fixation 
Nitrogen fixation is important nutrients that play a significant role in plant growth and 
health. The earth atmosphere contains about 78% nitrogen, but it is not available 
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directly to plants. This nitrogen is to be converted into plant usable form through 
biological nitrogen fixation (BNF), in which soil microbes using nitrogenase system 
convert atmospheric nitrogen to ammonia. BNF takes place at low temperature, by 
nitrogen fixing bacteria (Raymond et al., 2004). Moreover, BNF serves as 
economically favorable and ecofriendly alternative to chemical fertilizers (Ahmed and 
Kibret, 2014). Nitrogen fixing microbes normally categorize into two groups. The 
first group consists of root associated symbiotic bacteria, which fix nitrogen through 
nodule formation like Rhizobium. The second group which does not possess any 
specificity contains free living nitrogen fixing bacteria such as Azospirillum, 
Azotobacter, Burkholderia, Herbaspirillum, Bacillus, and Paenibacillus 
(Bhattacharyya and Jha, 2012). Free living nitrogen fixing bacteria, does not work as 
endophytes but their association is so close that the atmospheric nitrogen fixed by 
these microbes is easily consumed by the host plant directly or after the death of the 
cell organisms. This kind of association is known as non-specific and loose symbiosis. 
It is estimated that about 20-30 kg nitrogen per hectare per year was fixed by 
biological nitrogen fixation process (Stacey et al., 1992). Bacterial species belonging 
to genera Azotobacter and Azospirillum are reported to be widely used under field 
conditions. The first report of their use came in 1902 and they are in use till date 
(Bhattacharyya and Jha, 2012). Besides, the isolates of Azotobacter and Azospirillum, 
which received attention for nitrogen fixation, other bacteria such as Bacillus and 
Paenibacillus, also reported to posses the nif genes, responsible for nitrogen fixation. 
Species of Bacillus such as Bacillus azotofixans, Bacillus macerans, and Bacillus 
polymyxa were reported to be as nitrogen fixers, based on the presence of nitrogenase 
activity (Seldin et al., 1984), however, these strains were grouped in Paenibacillus 
genus after reclassification. Paenibacillus odorifer, P. graminis, P. peoriae, P. 
brasilensis P. azotofixans, P. macerans, P. polymyxa and P. graminis, has been 
categorized as nitrogen fixers. Many other workers also reported the nitrogen fixation 
ability of Bacillus and Paenibacillus (Ding et al., 2005; Beneduzi et al., 2008; 
Fernandes et al., 2014). Therefore, nitrogen fixation ability of microorganism is 
accepted as a key trait of PGPR, which influences the plant growth directly. 
2.8.3. Phosphate solubilization 
Phosphorus (P) is the second most important macronutrient involved in plant growth 
and development, after nitrogen. It plays a key role in virtually all major metabolic 
processes in plants, such as photosynthesis, energy transfer, signal transduction, and 
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respiration (Plaxton and Tran, 2011) and nitrogen fixation in legumes (Saber et al., 
2005). Although, significant amount of phosphorus is available in soils both in 
organic and inorganic forms. It is the main nutrient that hindered the plant growth 
because of its very limited bioavailability. To mitigate the problem of phosphate 
deficiency, phosphatic fertilizers are used in agriculture soils, but majority of the 
applied phosphate is precipitated and only a marginal amount is accessible to plant 
(Sharma et al., 2013). Moreover, the constant and injudicious use of chemical 
phosphatic fertilizers, not only results in loss of soil fertility, but it also upset the 
microbial diversity (Gyaneshwar et al., 2002). The long term application of 
phosphatic fertilizers severely affects various microbial activities (Bolan et al., 1996).  
Plants can absorb on their own only mono and dibasic phosphate, but the organic and 
insoluble forms of phosphate need to be solubilised by plant growth promoting 
rhizobacteria (Richardson et al., 2009; Ramaekers et al., 2010). In India, 98% of 
agriculture land is poor in available forms of soil phosphorus. Intensive agriculture 
practices used to increase crop production during green and white revolution has also 
resulted in large scale phosphorus deficiency (Sharma et al., 2013). To mitigate the 
problem of phosphorus deficiency, the use of microbial inoculants possessing 
phosphate solubilising capability could be considered as an ecofriedly and cost 
effective alternative to reduce dependence on chemical phosphatic fertilizers (Gaur, 
1990; Khan et al., 2014). 
Several studies have been conducted to test the performance of phosphate solubilising 
bacteria (PSB) by soil inoculation methods resulted in increase in crops yield. 
However, the phosphate solubilizing activity of these PSB is largely hampered by 
various environmental factors of soil like salinity, pH, moisture, temperature (Sharma 
et al., 2013). Moreover, it was also observed that the inoculum developed for a 
specific soil was unable to work as effectively in other soils with different 
characteristics (Rodriguez and Fraga 1999). Bacterial isolates belonging to genera 
Pseudomonas, Bacillus, Rhizobium Agrobacterium, Burkholderia and Erwinia are 
found to be the dominant phosphate solubilizers (Rodriguez and Fraga, 1999; Yu et 
al., 2011).  
The main mechanism of phosphate solubilization by these bacteria comprises (a) 
secretion of mineral dissolving and binding substances like organic acids, 
siderophores, protons and hydroxyl ions, CO2, (b) release of extracellular enzymes, (c) 
discharge of phosphate during substrate degradation (McGill and Cole 1981). 
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Microbes occupy a crucial place in all the three key process of soil phosphate cycle 
(i.e. dissolution-precipitation, sorption-desorption, and mineralization-
immobilization). Moreover, these microbes combine with labile C and serves as a 
reservoir for P, by quickly immobilizing it even under low level of P concentration in 
soil. Thus, they supply P to plants. The main mechanism of P solubilisation by 
microbes is by the release of organic acids either by decreasing the pH, by improving 
chelation of the cations associated with P, by contesting with P for adsorption site and 
by making soluble compounds with metal ions connected with insoluble P and finally 
releasing it (Sharma et al., 2013). The decrease in pH of the growth medium is related 
to the secretion of organic acids by phosphate solubilising microbes through direct 
oxidation pathway that takes palaces on the outer surface of cytoplasmic membrane 
(Zaidi et al., 2009). Organic acid production also results in the dissolution of mineral 
P by anion exchange of P by acid anion or by chelation of Fe, Al, Ca ions connected 
with phosphate (Omar 1998). The predominant organic acid produced by phosphate 
solubilising bacteria includes acetic, citric, gluconic, itaconic, lactic, malic, oxalic 
acid, and tartaric acid (Sharma et al., 2013). 
The other mechanism of phosphate solubilisation is through the process of 
mineralization in which organic phosphorus was solubilized by the production of 
various enzymes like non-specific acid phosphatases (Nannipieri et al. 2011), 
phytases (Richardson, 1994) and  phosphonatases and C-P lyases (Rodriguez et al. 
2006). Therefore, it is clear that P solubilisation takes place through various 
mechanisms and organisms’ also showed significant variations in this aspect. 
Microorganism can use one or more than one mechanism for solubilisation of 
insoluble phosphate. Although it is hard to clearly focus on single mechanism, 
secretion of organic acids and decrease in pH is considered the main mechanism of P 
solubilization (Sharma et al., 2013). 
2.8.4. Siderophore production 
Siderophore production is an important trait, expressed by rhizobacteria to enhance 
plant growth. Siderophore increases plant growth both by the direct and indirect 
mechanism. The direct mechanism involves the supply of iron to plants and indirectly 
by binding with the iron strongly making them unavailable to phytopathogens (Glick, 
2012). Almost all the microbes with the exception of few lactobacilli compulsorily 
need iron (Neilands, 1995). Iron is a key nutrient for plants. It works as a cofactor in 
several enzymes which are necessary for key physiological processes such as 
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respiration, photosynthesis, and nitrogen fixation. Fe3+ is the predominant form of iron 
in soil, but it reacts to form insoluble oxides and hydroxides, unavailable to plants and 
microbes. The availability of iron is high but it is normally not available for plants and 
soil microbes. In order to survive, microbes synthesize low-molecular weight 
compounds (≈ 1 kDa) called as siderophores, which consist of functional groups 
which bind with the iron, thus making them available to microbes (Glick, 2012). The 
most common functional groups are hydroximates and catechols. The concentration 
of siderophores present in soil is around 10-30 M. Generally, siderophore synthesising 
bacteria normally belongs to the genus Pseudomonas, in which Pseudomonas 
fluorescens and Pseudomonas aeruginosa are widely studied for their siderophore 
(pyochelin and pyoverdine type) (Haas and Défago, 2005). These compounds were 
synthesize by bacteria to increase their competitiveness, because these compounds 
consist of antibiotic potential and increase the iron uptake by plants (Glick, 1995). 
Besides, binding with iron, siderophores also known to form stable complexes with 
different heavy metals and other radionuclides, which help in mitigation of heavy 
metal stress for plants in contaminated soil (Neubauer et al., 2000; Rajkumar et al., 
2010). 
2.9. Plant growth regulator (IAA) produced by rhizobacteria 
Rhizospheric bacteria are known to produce different types of phytohormones such as 
auxins, gibberellins, cytokinins, ethylene, and abcisic acid (Arshad and 
Frankenberger, 1998; Patten and Glick, 1995). Plant reacts to any phytohormones in 
the rhizosphere, which are added from the external source or produced by 
rhizobacteria. These phytohormones determine many important processes such as 
plant cell elongation, division and growth of root system (Glick, 2014; Patten and 
Glick, 1996). 
Indole acetic acid 
Microbially produced plant growth regulators are widely known for their contribution 
in promoting plant growth (Arshad and Frankenberger, 1993). Indole acetic acid 
(IAA) is one of the main physiologically active auxins produced by PGPR. IAA is a 
product of L-tryptophan metabolism secreted by various microbes especially PGPR 
(Lynch, 1985). This metabolite is derivative of many tryptophan dependent and 
tryptophan independent pathways in microorganisms and plant. The microbes are 
reported to harbour more than one pathway (Pattern and Glick, 1996). IAA benefits 
the plants by the increasing the root length with enhanced root hairs and development 
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of lateral root systems which increases the nutrient uptake (Datta and Basu, 2000). 
Moreover, IAA encourages cell elongation by increasing osmotic content of the root 
cell, increasing the water permeability into the cell, decreasing cell wall pressure and 
enhancing the development of cell wall synthesis. Moreover it plays significant role in 
gametogenesis, embryogenesis, delays abscission of leaves, promotes seedling 
growth, flowering and fruiting (Zhao, 2010). Further, it has been reported that besides 
these physiological roles, IAA also work as signalling molecules and influence gene 
expression among microbes (Spaepen and Vanderleyden, 2011). PGPR isolated from 
different crops have potential to secrete IAA as secondary metabolites due to the 
sufficient availability of substrates.   
It has been suggested that PGPRs consists of many pathways of IAA synthesis. IAA 
synthesis in rhizobacteria takes place via L-tryptophan-dependent and independent 
pathways. Three L-tryptophan dependent pathways has been reported. The majority of 
rhizospheric bacteria used L-tryptophan, as precursor, released by plants as root 
exudates for IAA synthesis. Azospirillum brasilense, a common PGPR, has been 
reported to use L-tryptophan independent pathway for synthesizing 90% IAA and 
remaining 10% was synthesized using L-tryptophan-dependent pathway. However, 
the precise route and enzymes involved in L-tryptophan independent IAA synthesis in 
still not identified (Spaepen et al., 2007; Jha and Saraf, 2015). Moreover, bacteria 
belonging to the genera of Rhizobium, Bradyrhizobium, and Azospirillum use Indole-
3-pyruvic acid (IPyA) pathway for synthesizing IAA (Patten and Glick, 1996). 
Whereas many bacteria like Agrobacterium tumefaciens, Pseudomonas syringae, 
Pantoea agglomerans, Rhizobium, Bradyrhizobium, and Erwinia herbicola synthesize 
IAA predominantly via. Indole-3-acetamide (IAM) pathway (Dobbelaere et al., 
2003). On the other hand Bacillus subtilis, B. licheniformis, B. megaterium produce 
IAA through tryptamine pathway (Goswami et al., 2016). 
2.10. Other mechanisms of plant growth 
The use of microbes as biocontrol agent is a cost effective and ecofriendly methods. 
The main indirect mechanism of plant growth promotion used by rhizobacteria is 
through working as biocontrol agent (Glick, 2012). Normally the rhizobacteria work 
as biocontrol agent through competition for nutrients, habitat, induced systemic 
resistance and secretion of antifungal and antibacterial compounds (Lugtenberg and 
Kamilova, 2009). Several plant root associated bacteria  have been described  to 
produce antifungal metabolites like, HCN, phenazines, pyrrolnitrin, 2, 4-
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diacetylphloroglucinol, pyoluteorin, viscosinamide and tensin (Bhattacharyya and Jha, 
2012). Association of many rhizospheric bacteria with the plant roots creates 
resistance in plants against phytopathogens. This phenomenon is called induced 
systemic resistance (ISR) (Lugtenberg and Kamilova, 2009).  ISR involves jasmonate 
and ethylene signaling within the plant and these hormones encourage the host plant’s 
defense responses against phytopathogens (Glick, 2012). Many individual bacterial 
components induce ISR, such as lipopolysaccharides (LPS), flagella, siderophores, 
cyclic lipopeptides 2, 4-diacetylphloroglucinol, homoserine lactones, and volatiles 
like, acetoin and 2, 3-butanediol (Lugtenberg and Kamilova, 2009). Some PGP 
bacterial isolates have been commercialized because of their biocontrol ability 
(mainly Pseudomonas and Bacillus) However, non-judicious use of these isolates can 
develop resistance among the pathogens (Raaijmakers et al., 2002; Haas and Keel 
2003; Compant et al., 2005). 
1-Aminocyclopropane-1-carboxylate deaminase  
Normally, ethylene works a key compound for the growth and health of plant. This 
metabolite is synthesized by majority of plants, also produced by several biotic and 
abiotic procedures in soil and involved in many different biological activities. 
Ethylene can affect the growth and development of plants in many different ways 
which includes promoting root initiation, inhibiting root elongation, promoting fruit 
ripening, promoting flower wilting, stimulating seed germination, promoting leaf 
abscission, activating the synthesis of other plant hormones, inhibiting Rhizobia spp. 
nodule formation, inhibiting mycorrhizae-plant interaction and responding to both 
biotic and abiotic stresses (Glick, 2012). However, under stress conditions like 
drought, salinity, heavy metals, water logging, organic compounds and infection from 
phytopathogens, increases the ethylene level, which negatively affects the plant 
growth through inducing defoliation, and other key biological processes (Glick, 
2014). The rhizobacteria possessing the enzyme 1-aminocyclopropane-1-carboxylate 
(ACC) deaminase can mitigate these problems related to plant growth and 
development, by lowering the ethylene concentration (Glick, 2012). Many 
rhizobacterial species (Acinetobacter, Achromobacter, Agrobacterium, Alcaligenes, 
Azospirillum, Bacillus, Burkholderia, Enterobacter, Pseudomonas, Ralstonia, 
Serratia and Rhizobium) have been reported to possess ACC deaminase activity 
(Kang et al., 2010). This enzyme breaks the plant ethylene precursor, 1-
aminocyclopropane-1-carboxylate, into ammonia and α-ketobutyrate (Honma and 
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Shimomura, 1978), thus decrease the plant ethylene concentration, which under 
increased levels can lead to stunted plant growth and even death (Glick et al.,  2007; 
Glick, 2014). 
2.11. Plant root associated biofilm  
 Biofilms are microbial communities associated with biotic and abiotic surfaces and 
enclosed in self produced matrix of extracellular polymeric substances (EPS). The 
chemical nature of EPS is heterogeneous largely made up of polysaccharides, 
extracellular proteins and enzymes, DNA and other substances. An important 
advantage of the biofilm life style for root associated bacteria (rhizobacteria) is 
protection against desiccation or osmotic stress. The rhizosphere is a dynamic 
microbial habitat for ecological microniches and continuously studied to understand 
microbial diversity and their regulation. Both culture based and culture independent 
approaches (polyphasic) are used to understand such niches (Hinsinger et al., 2009; 
Bogino et al., 2013). The rhizosphere habitat is directly influenced by plant root and 
root exudates. The colonization of root by soil microorganisms depends on migration 
of bacteria from bulk soil to rhizospheric soil/ rhizoplane. Successful establishment of 
rhizobacteria in association to plant roots depends on the adherence and 
microcolonies formation. Biofilm formation plays an essential role in bacterial 
survival and physiology. The bacterium has to interact with several microorganisms 
and should establish themselves as multispecies biofilm at the rhizosphere level 
(Compant et al., 2010). The interactions of biofilm bacteria with plants may be 
positive or negative, biofilm also result in nutrient turnover, reduction of biotic and 
abiotic stress factors (Angus and Hirsch, 2013). 
Recent studies on microbial biofilms associated with plants have gained momentum 
in the last few years. Excellent reviews articles have been published on bacterial 
biofilms highlighting agricultural, environmental and ecological significance in the 
both positive and negative ways (Davey and O’toole, 2000; Morris and Monier, 2003; 
Danhorn and Fuqua,  2007; Angus and Hirsch, 2013; Vlamakis et al., 2013). 
2.11.1. Process of biofilm formation by PGPR 
Biofilm are three dimensional structured, heterogeneous community of microbial cells 
enclosed in a self produced EPS matrix which are irreversibly adhered biotic and 
abiotic surfaces. Basic and fundamental research on biofilm is extensively studied on 
medical and environmental pathogens. Pioneer work contributed by John William 
Costerton group who is regarded as the father of biofilm (Costerton et al., 1978). 
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Plant associated biofilm by plant pathogens and other plant associated bacteria have 
been investigated in the last few years (Timmusk et al., 2011; Beauregard et al., 2013; 
Lugtenberg 2015).  The process of biofilm formation involves several steps. An initial 
step involved in biofilm formation includes the scattering of surface attached cells by 
surface motility and multiplication.  Originally, cells are short motile rods, but as the 
biofilm develops, they form long chains of non-motile cells that stick together and to 
the surface by secreting EPS (Branda et al., 2006). The EPS is essential to the 
integrity of the biofilm, as it holds the community together (Flemming and 
Wingender, 2010). Upon maturation the microcolonies increases in size and the 
colony is protected and organized by EPS. The maturing biofilm contains EPS 
producers, motile cells and are socially organized within the maturing biofilm (Lopez 
et al., 2010). The sequence in the biofilm formation is depicted in figure R-2. The 
presence and localization of the different cell types is dynamic, and there seems to be 
an ordered sequence of differentiation such that motile cells become matrix-producing 
cells.  Importantly, this process of differentiation is not terminal; as environmental 
conditions change, it is possible for cells to alter their gene expression (in the case of 
motile or matrix-producing cells) or to germinate (in the case of spores). Under 
laboratory conditions, biofilms have a limited lifespan, and ultimately the biofilm was 
dispersed in response to self-generated signals (Kolodkin-Gal et al., 2012). 
 
 
Figure R-2. Steps involved in biofilm formation. (a) Attachment of microorganism to 
barren surface. (b) Production of extracellular polymeric substances (EPS) and 
irreversible attachment of cells. (c, d) Maturation and development of biofilm 
architecture. (e) Dispersion of cells (planktonic) from biofilm. (Red arrows 
showing flowing system). 
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 2.12. Detection and characterization of bacterial biofilm 
Biofilm is a bacterial lifestyle universally found in microbial world. For most of the 
history of microbiology, microorganisms have been studied as free living cells. Our 
understanding of biofilms, their physiology and structures is based on microscopic 
techniques. In vitro methods of biofilm study have been well established in medical, 
food and environmental areas. Similar methods are now applicable for bacteria of soil 
and plant associated biofilms (Angus and Hirsch, 2013).  These techniques involved 
the use of several types of microscopy including light and electron microscopy (figure 
R-3 and R-5). However, with new research and development in microscopic 
techniques like confocal laser scanning microscopy (figure R-4), high resolution 
electron microscopy and atomic force microscopy, have significantly contributed to 
the biofilm studies as reviewed by many workers (Ahmad and Khan, 2012; Pantanella 
et al., 2013). These techniques have been found instrumental in (i) revealing and 
understanding the mechanism, morphology of biofilms embedded in EPS matrix (ii) 
studying the nanoscale structure of living microbial cells in biofilm (iii) structural and 
functional characteristics of biofilm. A brief account of various common methods 
used for studying biofilms applied by different workers is depicted in table R-2.  
Table R-2. Methods used for the study of microbial biofilm.  
S.No Assays Applications References 
1 Congo Red Agar 
method 
Biofilm detection on agar media 
supplemented with Congo red 
dye 
Freeman et al., 1989; Kaiser et al., 
2013 
2 Crystal violet (CV) 
assay 
Assessment of biofilm 
formation on abiotic surface like 
Polystyrene plate, Catheter disc, 
Glass coverslips/slides, 
Stainless steel 
Christensen et al., 1985; O’Toole and 
Kolter 1998; Peters et al., 2013; Nweze 
et al., 2012; Shen et al., 2012; Craveiro 
et al., 2015; Zhao et al., 2015; 
3 BioFilm Ring Test Evaluation of biofilm formed by 
clinical isolates 
Chavant et al., 2007; Crémet et al., 
2013 
4 1, 9-Dimethyl-
Methylene Blue 
(DMMB) assay 
Colorimetric assay for biofilm 
detection 
Toté et al., 2008 
5 Fluorescein-di-
acetate (FDA) assay 
Quantification of  Candida 
albicans biofilm 
 
Honraet et al., 2005; Tawakoli et al., 
2013 
6 LIVE/DEAD 
BacLight assay 
Detection of live and dead cells 
in biofilm 
Boulos et al., 1999; Leuko et al.,, 2004 
7 Resazurin assay Detection and quantification  of 
viable cells in biofilm 
Sandberg et al., 2009 
8 XTT assay Detection and quantification  of 
viable cells in biofilm 
Ramage et al., 2001; Adam et al., 2002 
9 BioTimer assay 
(BTA) 
Colorimetric assay for counting 
of  viable bacteria in biofilm 
Pantanella et al., 2008 
10 qRT-PCR assay Identification of specific  
genetic sequences of bacterial 
species in biofilm 
Xie et al., 2011 
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11 Fluorescence in situ 
Hybridization (FISH) 
assay 
Study of multispecies biofilm in 
natural environment 
Almeida et al., 2011 
 
12 Light microscopy For Rapid, inexpensive 
qualitative and quantitative 
information on  biofilm 
Ahmad and  Khan 2012 
13 Confocal Laser 
Scanning    
Microscopy (CLSM) 
In vitro and in vivo  Studies of  
3D Structure of biofilm 
 
Ahmad and  Khan 2012; Janczarek et 
al., 2015 
14 Confocal-RAMAN 
Microscopy 
For acquiring information on  
chemical fingerprint of different 
biofilms 
Yuanqing and Tong 2012 
15 Transmission 
Electron microscopy 
(TEM) 
To study internal structure of 
biofilms and intracellular 
features 
Ahmad and  Khan 2012 
16 Scanning electron 
microscopy  (SEM) 
To visualize the surface of 
biofilm formed on biotic and 
abiotic surfaces 
Ahmad and Khan 2012; Nongkhlaw 
and Joshi 2014. 
17 Cryo-SEM To obtain high-magnification 
images of biofilm closer to the 
native state of the sample. 
Allan-Wojtas et al., 2010; Kumar et al., 
2012 
18 Environmental SEM 
(ESEM) 
Imaging in gaseous environment 
of  hydrated and non-conductive 
bacterial biofilms 
Karcz et al., 2012; Timmusk et al., 
2014 
19 Scanning 
transmission  
X-ray microscopy 
(STXM) 
Used to investigate the 
composition of bacterial cells 
and biofilms with nominal 
resolution of 25 nm 
Dynes et al., 2006; Behrens et al., 2012 
20 Atomic Force 
Microscopy (AFM) 
Used to visualize the surface of 
bacteria and biofilm, 
quantitative measurement and 
mapping of biofilm elasticity 
Wright et al., 2010; Dong et al., 2011; 
Ahmad and  Khan 2012 
 
 
 
Figure R-3. Representative images of Pseudomonas fluorescens biofilm. (a) Side 
view of biofilm formed on 96 well polystyrene microtiter plates using crystal 
violet assay. (b) Biofilm on glass coverslips as viewed by light microscopy. 
Magnification100x. 
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Figure R-4. Confocal laser scanning microscopy image of Klebseilla pneumoniae 
biofilm formed on wheat root. Biofilm stained with acridine orange. 
Magnification 20x. Scale bar-50 µm. 
 
 
  Figure R-5. Scanning electron micrograph of Pseudomonas fluorescens colonization 
 and biofilm formation on root of Triticum aestivum.  
2.13. Rhizobacterial biofilm associated with plants 
For many years microorganisms in nature have been studied as free living cells, which 
help in the easy characterization of the microorganisms. However, planktonic growth 
does not represent natural conditions for microbes and care should be to be taken to 
interpret these results in their natural state. During the last decades in depth 
knowledge was generated through the comprehensive research that has been 
conducted in the area of biofilms like medical, industrial, environmental and plant 
associated biofilms (Timmusk and Nevo, 2011). Genotypically bacteria enclosed in 
similar biofilms are naturally different from the planktonic counterpart. Single cells in 
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biofilm population manage their gene expression to regulate cell differentiation 
(O'Toole et al., 2000; Lopez et al., 2009). In bacterial ecosystems biofilm is a natural 
phenomenon. Within the biofilms bacteria have mutual cooperation and they may be 
vulnerable to adverse environmental conditions. It is the preferred state of survival 
because bacterial colony provides defense, various mechanism of existence and 
increases its robustness. Microorganisms also secure access to resources and niches 
that require critical mass and cannot effectively be utilized by isolated cells (Monds 
and O'Toole, 2009). Acquisition of new genetic traits, nutrient availability, metabolic 
cooperation and tolerance to high levels of toxicants has also been recommended as 
means for maximization of population survival in biofilms (Lopez et al., 2010; 
Buchholz et al., 2010).  
In the rhizosphere, environmental extremes are common, and with the density of 
various microbial species present in the soil, it is important to understand how 
multispecies interactions are involved in plant growth and development through the 
formation of biofilms. On the other hand biofilm formation by plant pathogens have 
been investigated in vitro and on plant surfaces as described by Guimaraes et al. 
(2011); Fuente et al. (2013) and Zimaro et al. (2014) and considered as an important 
trait of pathogens. 
The ability to form biofilm by a large number of nitrogen fixing rhizobacteria both 
symbiotic (Rhizobium alamii, R. leguminosarum bv. viciae 3841, R. leguminosarum, 
Rhizobium sp. NGR234, Rhizobium, Sinorhizobium) and non-symbiotic nitrogen 
fixers (Azospirillum brasilense, Azorhizobium caulinodans, Azotobacter 
chroococcum) have been documented by several workers (Shelud’ko et al., 2010; 
Krysciak et al., 2011; Robledo et al., 2012). Similarly biocontrol bacteria such as the 
species of Bacillus, Pseudomonas were also reported to form biofilm by several 
workers (Beauregard et al., 2013; Yasmin et al., 2014) that protect the plant from 
pathogens by biocontrol mechanism in a biofilm mode of growth. Among plant root 
associated bacteria, the aerobic endospore-forming bacteria, mainly those belonging 
to Bacillus and related genera, which are universally present in soil, water, air and 
plant due to their ability to form resistant endospores and to produce a wide variety of 
antibiotic substances. Utilizing these capabilities, the bacteria can colonize diverse 
niches in agro-ecosystems and can displace other microorganisms in 
rhizosphere/rhizoplane. Therefore, the colonization sites for the bacteria are more 
reproducibly stable and these bacteria are likely to be used in precision management 
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of agro-ecosystems. For example, it was shown that an endospore forming species of 
Paenibacillus polymyxa colonizes as biofilms in rhizoplane (Timmusk et al., 2005). 
The bacterial biofilms can protect plants against pathogens as well as against abiotic 
stress conditions (M i l o š e v i ć et al., 2012; Timmusk et al., 2013). Other plant 
growth promoting rhizobacteria like Burkholderia cepacia and Klebsiella 
pneumoniae, were also investigated for biofilm formation and their role in plant 
growth promotion (Ji et al., 2010; Liu et al., 2011). Therefore, the recent trends on 
plant associated biofilm indicated a rising trend of research in this area and resulted in 
their understanding. 
2.14. Cell- to cell communications in biofilm  
Plant associated bacteria uses small signal molecules for cell to cell communications 
called as quorum sensing (QS). The term quorum sensing describes the phenomenon 
that bacteria are capable of detecting and responding to self-generated signal 
molecules to accommodate their behaviour in reply to their community size (Fuqua et 
al., 1994). The capability of bacteria to talk and act as a set for social communications 
like a multi-cellular organism has contributed important benefits to bacteria in the 
form of protection against competitors, colonization of host, formation of biofilms, 
and adjustment to altering environmental conditions (Li and Tian, 2012). Bacteria 
elicit quorum sensing only when they acquire a certain level of colony size, after 
which the target gene is either activated or suppressed. The need for a minimum 
concentration of bacterial cells to enhance plant growth strongly supports the notion 
that AHL-mediated QS by microbes plays an important role in plant-rhizobacterial 
communications (Hartmann et al., 2014).  
Since the discovery of a variety of QS signal molecules, N-acyl-homoserine lactones 
(AHL) have been investigated extensively, have been demonstrated in regulation of 
different traits such as biofilm formation, bioluminescence, conjugation, motility, 
production of antibiotics, toxins, symbiosis, siderophore production and virulence 
(Williams et al., 2007; Barriuso et al., 2008). Within biofilms bacteria can reply to 
QS-like molecules generated by other rhizobacteria and by plants, and even eliminate 
the QS molecules secreted by other bacterial species (Dong et al., 2002). Elasri et al. 
(2001) reported that majority of plant-associated bacteria produces AHL molecules. 
The role of QS in plant health protection by PGPR has also been reviewed by other 
worker (Ahmad et al., 2008b). The majority of the isolates of genera Agrobacterium, 
Bacillus, Erwinia, Pantoea, Pseudomonas, Rhizobium produces detectable limits of 
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AHL molecules compared to Xanthomonas where only few isolates was found to 
produce few AHL molecules as reported by Suppiger et al.  (2013).  Direct role of 
AHL-mediated QS in biofilm formation by plant growth promoting rhizobacteria like 
Burkholderia, Pseudomonas, Serratia, Sinorhizobium, Pantoea and Bacillus have 
been reported by Morohoshi et al. (2007) and Beauregard et al. (2013). 
It is now commonly believed that root exudates play important roles in plant-microbe 
communications (Bais et al., 2004; Sun et al., 2012). Root exudates not only provide 
nutrition to rhizospheric microorganisms but also work as signal in attracting and 
repelling soil microorganisms (Badri and Vivanco, 2009). The composition of plant 
root exudates depends on plant type, species, age and environmental factors. 
Moreover the composition of root exudates play direct role in selection of microbial 
communities from the pool of soil microbiota (Hartmann et al., 2009; Schnitzer et al., 
2011).  
Rhizospheric microenvironments are largely influenced by the presence of plant root 
exudates (RE). For example, carbon-rich photosynthates in RE help in survival of 
large microbial populations and activity in rhizosphere, compared to bulk soil. The 
destiny of rhizosphere-microbe interactions are largely determined by plant root 
exudates and their composition (Fan et al., 2012). Chen et al. (2012) highlighted the 
deciding role that the organic acids play in plant-microbe interactions. Ling et al. 
(2011) also establish the role of watermelon root exudates in recruitment of 
Paenibacillus polymyxa SQR-21. 
Plant growth promoting rhizobacteria can form dense biofilm on the surface of root 
and can react to root exudates that help in aggregation and formation of stable biofilm 
(Walker et al., 2004). Several authors documented the direct role of root exudates in 
biofilm formation by PGPR. Fan et al. (2012) reported that two genes ycmA and luxS 
of Bacillus amyloliquefaciens responsible for biofilm formation were enhanced by 
maize root exudates. Similar results were described by Ramey et al. (2004) and Zhang 
et al. (2014) for Pseudomonas putida, Bacillus cereus and Bacillus amyloliquefaciens 
SQR9 respectively.  Root exudates/seedling extracts have been documented to 
interfere with quorum sensing of bacteria (Teplitski et al., 2000; Fatima et al., 2010). 
QS in Pseudomonas and other bacteria fully or partially regulate biofilm formation 
(Li and Tian, 2012).  
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 2.15. Understanding mixed biofilm 
Majority of biofilm related studies have taken radical approach, where only single 
species biofilm were widely studied. However, biofilms in nature exists mainly as 
multispecies biofilm, where interspecies communications can support the 
development, structure and behavior of these populations compared to single-species 
biofilms (Lee et al., 2014). One advantage of community based biofilms is the 
preservation of the rhizosphere community itself. Whether maintaining specific plant-
growth promoting bacteria or preventing pathogens from colonizing plant roots, 
multispecies biofilms provide benefits to the roots of plants that they colonize. How 
distant bacterial species communicate to initiate and organize biofilms or influence 
gene expression in other species is only hardly understood (Angus and Hirsch, 2013). 
Lee et al. (2014) developed a model of mixed-species biofilm comprising 
Pseudomonas aeruginosa, Pseudomonas protegens and Klebsiella pneumoniae and 
investigated how interspecies communication affect biofilm growth, composition and 
stress responses. Elias and Banin (2012) documented that multipsecies biofilm 
cooperation involved cell-cell communications via quorum sensing, metabolic 
collaboration and competition. He also reported that communications within biofilm 
species can be antagonistic or synergistic. The synergistic interactions encourage 
biofilm formation, metabolic cooperation and increased resistance to antibiotics.  
2.16. Role of biofilm in plant disease suppression 
Efficient colonization and biofilm formation on plant root surfaces determines the 
biocontrol potential of PGPR. Efficiency of biocontrol agents depends upon 
successful colonization of plant surface that play as crucial role in increasing plant 
growth. Plant root associated biofilm, can secure the colonization site and work as a 
reservoir for supply of nutrients in the rhizosphere, therefore minimizing the 
accessibility of root exudates and other nutritional ingredients for pathogens and their 
subsequent adherence to root surface (Bais et al., 2006). Plant growth promoting 
rhizobacteria can enhance the growth and yield by several mechanism such as 
improved mineral nutrient uptake, phytohormone production, biocontrol mechanism 
(Glick, 2012). Bacillus subtilis, universally present in soil, can increase plant growth, 
provide protection against fungal pathogen attack, and play a role in the degradation 
of organic polymers in the soil (Vlamakis et al., 2013). Lugtenberg and Kamilova 
(2009) also demonstrated that B. subtilis be used as biocontrol agent against various 
phytopathogens. Beauregard et al. (2013) analyzed Arabidopsis root surfaces treated 
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with B. subtilis using confocal laser scanning microscopy to reveal a three-
dimensional structure of B. subtilis biofilm. Similarly root-associated pseudomonads 
have been studied extensively, and many of them promote the growth of host plants 
or are used as biocontrol agents. Pseudomonas fluorescens can respond rapidly to the 
presence of root exudates in soils, converging at root colonization sites and 
establishing stable biofilms networks (Couillerot et al., 2009). Haggag and Timmusk 
(2008) and Chen et al. (2012) investigated the role of biofilm-forming Paenibacillus 
polymyxa and Bacillus subtilis strains in controlling Aspergillus niger and Ralstonia 
solanacearum   respectively and highlighted importance of biofilms in biocontrol 
initiation. Similar results were also reported by Fan et al. (2012) and Dietel et al. 
(2013) for Bacillus amyloliquefaciens. To make biocontrol effective and 
reproducible, effective colonization and biofilm formation with the biocontrol agent 
must be ensured. 
 2.17. Role of biofilm in reducing toxicity and abiotic stress conditions to plants 
and microbes 
Bioremediation employ microorganisms to eliminate, detoxify, or immobilize 
pollutants, and eliminates the need that does not require adding of harmful chemicals. 
Bioremediation is mainly appropriate for big area where pollutant concentration is 
relatively small and the hydrology of the soil not able to support chemical remediation 
(Pastorella et al., 2012). Biofilm-mediated bioremediation confers a skilful and secure 
choice to bioremediation with planktonic microorganisms because cells in a biofilm 
can survive and adjust easily to harsh environment as they got protection from EPS 
(Decho 2000; Hall-Stoodley et al., 2004; Flemming and Wingender, 2010). Buchholz 
et al. (2010) reported that biofilm can tolerate 1000 times more toxicants compared to 
their planktonic counterparts. Moreover the EPS matrix produced by biofilm can help 
in biodegradation of organic pollutants and heavy metals in less toxic form 
(Flemming and Wingender 2010). Pal and Paul (2008) and Morel et al. (2009) found 
that Stenotrophomonas biofilms grown with chromium (VI) produces more EPS 
compared to control biofilms. Recently, Ivanova et al. (2015) found that a consortium 
of Rhodococcus erythropolis S26, Acinetobacter baumannii 1B, Acinetobacter 
baumannii 7, and Pseudomonas putida F701 were successful in the degradation of oil 
and efficiently colonizes the roots of barley. 
Timmusk et al. (2013) reported that biofilm improved soil aggregation, water stability 
and enhances microbial biomass which in response encourage root exudation under 
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stress. Therefore, the production of sticky layer EPS matrix in the rhizosphere, under 
stress conditions work as a selective advantage. The EPS matrix also provides 
mechanical stability to biofilm and combines with macromolecules and low molecular 
mass solutes, which contribute in creation of lots of microenvironments within the 
biofilm. 
Survival of agriculturally important microorganisms in rhizosphere under 
various stress full condit ions is an interesting area of research, direct ly 
affect ing our food security (Angus and Hirsch, 2013). Plant growth 
promoting rhizobacteria (PGPR) alleviate most effectively the impact of abiotic 
stresses such drought, low temperature, salinity, metal toxicity, and high temperature 
on plants through biofilm formation, Which under normal conditions enhance 
plant growth and under stress full condit ions help in better survival (M i l o 
š e v i ć et al., 2012; Bogino et al., 2013). Vanderlinde et al. (2009) reported 
that the LPS mutant of Rhizobium leguminosarum with no biofilm forming 
capacit y was unable to tolerate the draught condit ions. Sandhya et al. 
(2009) also found that colonizat ion and biofilm format ion ability of 
Pseudomonas putida  strain GAP-P45 help in mit igat ion of drought stress 
effects. Similar results were reported by Timmusk and Nevo (2011). Qurashi and 
Sabri (2012) reported that two salt tolerant isolates of Halomonas variabilis (HT1) 
and Planococcus rifietoensis (RT4) can stimulate chickpea growth through biofilm 
formation and EPS production.  Timmusk et al. (2014) found that application of 
rhizobacterial isolates can mitigate drought stress in Triticum aestivum through 
biofilm formation and alginate production. 
2.18. Effect of rhizobacteria on plant growth and productivity 
 Bacterial beneficial effects on plant development known by PGPR have been widely 
reported. One of the fundamental necessities for the effectiveness of PGPR is their 
ability to colonize hosts’ rhizosphere, rhizoplane, or the root interior (Glick et al., 
2007). Some bioinoculants enter inside roots to create endophytic populations with 
adaptability to the habitat and benefits to the host plants (Compant et al., 2005; 
Kloepper et al., 1999). The colonization of endophytes helps the plants by increasing 
root surface area, thus improving nutrients absorption (Adesemoye et al., 2008). 
Adesemoye and Kloepper (2009) reported the beneficial effects of plant-PGPR 
interactions which includes improvements in seed germination rate, root development, 
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shoot and root weights, yield, leaf area, chlorophyll content, hydraulic activity, 
protein content, and nutrient uptake including phosphorus and nitrogen. 
2.18.1. Inoculation effect of PGPR on chickpea  
In addition to exploiting their individual plant growth-promoting capacity, the 
potential of selected PGPR can be enhanced further through dual inoculation with 
other microorganisms for additive and/or synergistic effects. PGPR that are able to 
colonize the root zones of leguminous plants, for instance, could stimulate the 
performance of a leguminous species by affecting the process of symbiotic nitrogen 
fixation. 
Combined inoculation of Rhizobium with PGPR has been demonstrated to 
significantly improve the growth and yield of leguminous crops in response to 
microbial inoculation (Minaxi et al., 2012; Verma et al., 2014). These improvements 
in growth of legumes due to bacterial inoculation have been attributed to early 
nodulation, increased number of nodules, higher N2 fixation rates, and a general 
improvement of root development (Abdel-Wahab et al., 2008; Verma et al., 2010). 
The larger number of active nodules is believed to contribute fixed nitrogen for higher 
yields under field conditions. However, simultaneous application of Azospirillum and 
Rhizobium did not always result in a promotion of nodulation, and under some 
circumstances even inhibited the ability of the Rhizobium to nodulate its host.  
Verma et al. (2013) reported that coinoculation with Mesorhizobium sp. and 
Pseudomonas aeruginosa significantly increased nodulation, root and shoot dry 
weight, grain and straw yield, nitrogen and phosphorus uptake in chickpea. Similar 
plant growth effects along with the antagonistic activities against  
2.18.2. Effect of PGPR inoculation on wheat  
Wheat (Triticum aestivum L.) serve as a key source of nutrition and plant based 
proteins in human diet. The share of wheat production is next to rice about 35.5% of 
total cereal production. India ranks second in terms of wheat production (12.05%) and 
area under cultivation (12.5%) (www.agricoop.nic. in). Under intensive cropping 
systems, use of soil nutrients in the form of chemical fertilizers is necessary to 
achieve maximum yield. However, plant was able to use only minimal amount of 
applied fertilizers, whereas majority are lost through volatilization, denitrification, 
leaching and conversion into unavailable forms (Pandey et al., 2012). 
It has been reported that plant growth proportion in crops is a result of increased 
nutrient availability and hormonal stimulation (Dobbelaere et al., 2003). PGPR 
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consist of wide range of bacterial genera, which colonizes the host plant and increased 
the growth through improved mobility and uptake of nutrients by plants (Lucas-
Garcia et al., 2004; Cakmakci et al., 2006; Rana et al., 2011; Pérez-Montano et al., 
2014). PGPR play a key role in enhanced production of cereal crops (Pérez-Montano 
et al., 2014). Several workers had reported the use of plant growth promoting 
rhizobacteria in single and mixed combination for improving the growth and yield of 
wheat (De Freitas and Germida, 1992; Shaharoona et al., 2007; Egamberdieva, 2008; 
Turan et al., 2012; Bulut, 2013; Baris et al., 2014; Majeed et al., 2015). 
Mäder et al. (2011) reported that wheat yield enhances significantly when consortia of 
PGPR and AMF were applied. The effects of the application of the consortia AMF 
and PGPR on wheat crops were investigated in a two-year experiments in different 
agro-climate zones of India at seven locations extending from the Himalayan foothills 
to the Indo-Gangetic and it was seen that dual inoculation of this cereal increased crop 
yield, grain and soil quality and the nutrient uptake of wheat. In addition, it was 
observed that yield responses to inoculants were highest at locations with previous 
low yields. Garbeva et al. (2011) studied changes in gene expression in Pseudomonas 
fluorescens when inoculated with other PGPR (Bacillus sp., Brevundimonas sp. and 
Pedobacter sp.). 
Rana et al. (2011) conducted pot experiment on wheat under net house conditions, 
using  three PGPR strains Bacillus sp., Providencia sp. and Brevundimonas sp. along 
with 2/3 recommended dose of nitrogen (N) and full dose of phosphorus (P) and 
potassium (K) fertilizers (N90P60K60). They found that the application of these three 
strains enhanced the vegetative parameters of wheat by up to 34% along with 60% 
increase in micronutrient content compared to full dose of synthetic fertilizers. 
 Kumar et al. (2014b) demonstrated the effect of various combinations of PGPR 
Bacillus megaterium, Arthrobacter chlorophenolicus and Enterobacter sp.) on wheat 
under pot and field conditions. Their observation includes that these strains besides 
exhibiting multiple PGP traits also significantly increased the plant height, grain 
yield, straw yield and test weight by 17.5%, 79.8%, 78.6% and 26.7% under pot 
condition and also 29.4%, 27.5%, 29.5% and 17.6% under field condition, 
respectively. Moreover, co-inoculation of these strains also increased the acquisition 
of micronutrients in wheat grain under pot and field conditions. 
Abbasi et al. (2011) established that  the mixed  application of PGPR strains (isolated 
from wheat rhizosphere) compared to single inoculation significantly improved plant 
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height, shoot fresh and  dry weight by 25, 45, and 86%, respectively, while increase in 
root length, root fresh and dry weight was 27, 102, and 76%, respectively, over 
uninoculated control. The mixed inoculation of PGPR also enhanced number of tillers 
per plant, 1000-grain weight and grain yield by 23, 48 and 59% compared to control 
plant. Uptake of nitrogen and phosphorus by plant was increased by three-fold, while 
potassium uptake was increased by 58%. Further, the rate of increase in growth, yield 
and nutrient accumulation was even higher in treatments receiving combined 
application of PGPR and N-fertilizer. Similar findings related to the use of plant-
growth-promoting rhizobacterial isolates on growth and yield of wheat and barley in 
combinations were also reported by Baris et al. (2014) under field conditions. Majeed 
et al. (2015) isolated and screened nine bacterial isolate for their PGPR traits. These 
isolates were further evaluated for their plant growth promoting studies.  Plant 
inoculation studies indicated that these PGPR isolates significantly increased shoot 
and root length, and shoot and root biomass. A significant increase in shoot N 
contents (upto76%) and root N contents (upto32%) was also observed over the 
uninoculated control.   
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3.1. Materials used  
3.1.1. A number of chemicals were used in this study as described below in table M-1. 
Table M-1. The list of chemicals and their sources. 
Chemicals Sources 
Acetic acid glacial Qualigens Fine Chemicals, India 
Acetone Qualigens Fine Chemicals, India 
Acridine orange Sigma Aldrich, USA 
Agar powder Hi- Media, India 
Agarose Hi- Media, India 
1-Aminocyclopropane carboxylic acid Sigma Aldrich, USA 
Ammonium oxalate Qualigens Fine Chemicals, India 
Ammonium molybdate Qualigens Fine Chemicals, India 
Ammonium nitrate Qualigens Fine Chemicals, India 
Ammonium sulphate Qualigens Fine Chemicals, India 
Barritt's Reagent A Hi- Media, India 
Barritt's Reagent B Hi- Media, India 
Beef extract                                                                Qualigens Fine Chemicals, India 
Biotin Hi- Media, India 
Bromophenol blue Qualigens Fine Chemicals, India 
Bromothymol blue Hi- Media, India 
Boric acid Qualigens Fine Chemicals, India 
Bovine serum albumin Hi- Media, India 
Cadmium chloride Qualigens Fine Chemicals, India 
Calcium chloride Qualigens Fine Chemicals, India 
Calcium carbonate Qualigens Fine Chemicals, India 
Casamino acids Sisco Research Lab (SRL), India 
Casein  Hi- Media, India 
Chrome azurol S Hi- Media, India 
Chloroform Qualigens Fine Chemicals, India 
Citric acid monohydrate Hi- Media, India 
Cobaltous chloride Qualigens Fine Chemicals, India 
Copper chloride                                          Qualigens Fine Chemicals, India 
Copper sulphate                                               Qualigens Fine Chemicals, India 
Crystal violet Qualigens Fine Chemicals, India 
Dipotassium hydrogen orthophosphate                         Qualigens Fine Chemicals, India 
Disodium hydrogen orthophosphate               Qualigens Fine Chemicals, India 
Dimethyl sulfoxide Qualigens Fine Chemicals, India 
Dextrose  Qualigens Fine Chemicals, India 
 2-3, dihydroxy benzoic acid                Sigma-Aldrich Pvt Ltd, India  
Ethyl acetate Qualigens Fine Chemicals, India 
Ethanol  MERCK, Pvt Ltd, India 
Ferric chloride Qualigens Fine Chemicals, India 
Ferrous sulphate Hi- Media, India 
Folin’s reagent Sisco Research Lab (SRL), India 
Fructose Qualigens Fine Chemicals, India 
Gelatin  Hi- Media, India 
Glutamine Hi- Media, India 
Glucose Qualigens Fine Chemicals, India 
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Gluconic acid Hi- Media, India 
Gluteraldehyde Hi- Media, India 
Glycerol Qualigens Fine Chemicals, India 
Glycine                     Hi- Media, India 
Hexadecyltrimethylammoniumbromide Sigma Aldrich, USA 
Hydrochloric acid Qualigens Fine Chemicals, India 
Hydrogen peroxide Sisco Research Lab (SRL), India 
Hydrogen chloride Qualigens Fine Chemicals, India 
8-Hydroxyquinoline Hi- Media, India 
Indole 3-acetic acid Hi- Media, India 
Kovac’s reagent Hi- Media, India 
Jensen’s medium Hi- Media, India 
Iodine Qualigens Fine Chemicals, India 
Lactose S.D. Fine Chemicals, India. 
Lead acetate Qualigens Fine Chemicals, India 
Magnesium chloride   Qualigens Fine Chemicals, India 
Magnesium sulphate Qualigens Fine Chemicals, India 
Malt extract Hi- Media, India 
Manganese sulphate Qualigens Fine Chemicals, India 
Mannitol            Hi- Media, India 
Mercuric chloride S.D. Fine Chemicals, India 
Molybdenum trioxide Qualigens Fine Chemicals, India 
α-naphthylamine Hi- Media, India 
Nickel chloride Qualigens Fine Chemicals, India 
Nessler’s reagent Qualigens Fine Chemicals, India 
Nutrient broth Hi- Media, India 
Orthophosphoric acid Qualigens Fine Chemicals, India 
Oxidase disc Hi- Media, India. 
Paraformaldehyde Hi- Media, India 
Peptone Hi- Media, India 
Perchloric acid Qualigens Fine Chemicals, India 
Picric acid Qualigens Fine Chemicals, India 
Piperazine-N, N-bis (2-ethane sulfonic acid) Sigma-Aldrich Pvt Ltd, India  
Potassium ferricyanide  Qualigens Fine Chemicals 
Potassium ferrocyanide Qualigens Fine Chemicals 
Potassium chloride Qualigens Fine Chemicals 
Potassium dihydrogen orthophosphate Qualigens Fine Chemicals, India 
Potassium hydroxide Qualigens Fine Chemicals, India 
Potassium hexaferrocyanate Qualigens Fine Chemicals, India 
Potassium iodide Hi- Media, India 
Potassium nitrate Hi- Media, India 
Potassium sulfate Qualigens Fine Chemicals, India 
Safranin Hi- Media, India 
Rifampicin Hi- Media, India 
Salicylic acid Qualigens Fine Chemicals, India 
Sodium ammonium molybdate Qualigens Fine Chemicals, India 
Sodium carbonate Qualigens Fine Chemicals, India 
Sodium nitrate Qualigens Fine Chemicals, India 
Sodium chloride Qualigens Fine Chemicals, India 
Sodium citrate Qualigens Fine Chemicals, India 
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Sodium dihydrogen phosphate                              Qualigens Fine Chemicals, India 
Sodium dithionite Hi- Media, India 
Sodium glutamate Qualigens Fine Chemicals, India 
Sodium hydroxide  Qualigens Fine Chemicals, India 
Sodium hypochlorite Qualigens Fine Chemicals, India 
Sodium molybdate Qualigens Fine Chemicals, India 
Sodium salicylate Hi- Media, India 
Stannous chloride Qualigens Fine Chemicals, India 
Starch  Hi- Media, India 
Sucrose Hi- Media, India 
Sulphanilic acid Qualigens Fine Chemicals, India 
Sulphuric acid Qualigens Fine Chemicals, India 
Tricalcium phosphate Hi- Media, India 
L-tryptophan Hi- Media, India 
Thiamine  Hi- Media, India 
Yeast extract Qualigens Fine Chemicals, India 
Zinc powder Qualigens Fine Chemicals, India 
Zinc sulphate                                                         Qualigens Fine Chemicals, India 
All other chemicals /reagents used were of analytical grade 
 
 
Table M-2. Antibiotic discs used in this study. 
S. No. Name of the antibiotic discs Code Potency (μg disc-1) 
1.  Ampicillin Am 30 
2.  Cefuroxime Cxm 30 
3.  Chloramphenicol C 30 
4.  Doxycycline Do 30 
5.  Kanamycin K 30 
6.  Nalidixic acid Na 30 
7.  Rifampicin R 30 
8.  Streptomycin S 30 
9.  Tetracycline T 30 
10.  Vancomycin Va 30 
All antibiotic discs were purchased from Hi- Media Lab. Pvt. Ltd., Mumbai.  
 
3.1.2. Composition of microbiological media used: (ingredients in g l-1) 
Ashby’s mannitol medium  
Mannitol 20.0, dipotassium phosphate 0.2, potassium sulphate 0.1, magnesium 
sulphate 0.2, calcium carbonate 5.0, Sodium chloride 0.2, Agar 15.0 (pH 7.4). 
Basal broth medium   
Dextrose 10.0, yeast extract 3.0, malt extract 3.0, peptone 5.0, magnesium sulphate 
1.0, potassium dihydrogen phosphate 0.3, thiamine 10.0 mg (pH 7.4). 
 
 
 
 42
Burk nitrogen free medium (broth) 
Magnesium sulphate 0.20, Dipotassium phosphate 0.80, Monopotassium phosphate 
0.20, Calcium sulphate 0.13, Ferric chloride 0.00145, Sodium molybdate 0.000253, 
Sucrose 20.0 (pH 7.4). 
CAS agar medium Solution A (Dye)  
Chrom azurol S 60.5, hexadecyl trimethyl ammonium bromide 72.9 
(The resultant dark blue liquid was autoclaved at 15 lb pressure for 20 min.) 
Solution B (MM9 medium) 
Sucrose 342.3; calcium chloride 147.0; magnesium sulphate 246.4; dipotassium 
hydrogen orthophosphate 20.0; sodium chloride 0.2; sodium molybdate 0.005; 
piperazine-N, N’- bis[2-ethanesulfonic acid ] 30.24. 
(The above-mentioned media were autoclaved at 15 lb pressure for 20 min. After 
cooling sucrose (3 ml), calcium chloride (0.4 ml) and magnesium (0.8 ml) and 30 ml 
of autoclaved casamino acid (10%) were added.  Solution A was then gently added to 
solution B.) (pH 6.8). 
Dworkin and Foster’s salts minimal agar medium 
 Potassium dihydrogen orthophosphate 4.0, disodium hydrogen orthophosphate 6.0, 
magnesium sulphate 0.2, glucose 2.0, gluconic acid 2.0, citric acid 2.0, agar 18.0,  
boric acid 10.0 mg, Manganese sulfate 11.19 mg, zinc sulphate 124.6 mg, copper 
sulphate 78.22 mg, molybdenum trioxide  10.0 mg,  iron sulphate 1.0 mg  (pH 7.2).   
Jensen’s medium  
Sucrose 20.0, dipotassium phosphate 1.0, ferrous sulphate 0.1, magnesium sulphate 
0.5, sodium ammonium molybdate 0.005, sodium chloride 0.5, calcium carbonate 2.0, 
Agar 15.0 (pH 7.4). 
King’ B agar medium  
Peptone 20.0, Glycerol 10.0, dipotassium phosphate 1.50, magnesium sulphate 1.50, 
agar 18.0 (pH 7.2). 
Luria-Bertani broth 
Casein enzymic hydrolysate 10.0, yeast extract 5.0, sodium chloride 10.0, (pH 7.4). 
Modi medium 
Dipotassium phosphate 0.5, magnesium sulphate 0.4, sodium chloride 0.1, mannitol 
10.0, glutamine 1.0, Ammonium nitrate 1.0 (pH 6.8). 
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MR-VP broth 
Peptone 7.0, dextrose 5.0, dipotassium phosphate 5.0 (pH 6.9). 
Nitrate broth 
Peptic digest of animal tissue 5.0, meat extract 3.0, potassium nitrate 1.0, sodium 
chloride 30.0 (pH7.0). 
Nutrient broth  
Peptic digest of animal tissue 5.0, yeast extract 1.5, beef extract 1.5, sodium chloride 
5.0,   (pH7.0). 
Nutrient agar   
Peptic digest of animal tissue 5.0, yeast extract 1.5, beef extract 1.5, sodium chloride 
5.0, agar 15.0   (pH 6.8). 
Pikovskaya's agar medium  
Yeast extract 0.50, dextrose 10.0, tri-calcium phosphate 5.0, ammonium sulphate 
0.50, potassium chloride 0.20, magnesium sulphate 0.10, manganese sulphate 0.0001, 
ferrous sulphate 0.0001, Agar 15.0 (pH 7.0). 
Pikovskaya's broth 
Yeast extract 0.50, dextrose 10.0, tri-calcium phosphate 5.0, ammonium sulphate 
0.50, potassium chloride 0.20, magnesium sulphate 0.10, manganese sulphate 0.0001, 
ferrous sulphate 0.0001 (pH 7.0). 
Peptone yeast dextrose agar (PYD) medium 
Peptone 2.0, Yeast extract 2.0, Dextrose 5.0, Agar 15.0 (pH 7.4). 
Peptone water      
 Peptone 10, sodium chloride 5.0 (pH 7.0). 
Sabouraud dextrose agar medium   
Peptone 20.0, glucose 40.0, agar 20.0 (pH 5.6). 
 Simmon’s citrate agar  
Magnesium sulphate 0.2, ammonium dihydrogen phosphate 1.0, dipotassium 
phosphate 1.0, sodium citrate 2.0, sodium chloride 5.0, bromothymol Blue 0.08, agar 
15.0 (pH 6.8). 
Starch agar  
Peptone 5.0, beef extract 3.0, starch (soluble) 2.0, agar 20.0 (pH 7.0). 
Tryptic Soy Broth 
Pancreatic digest of casein 17.0, papaic digest of soybean meal 3.0, sodium chloride 
5.0, glucose 2.5, dipotassium hydrogen phosphate 2.5 (pH 7.3). 
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Phenol red fermentation broth 
Proteose peptone 10.0, beef extract 1.0, sodium chloride 5.0, Sugar 7.0, phenol red 
0.018 (pH 7.4). 
Yeast extract mannitol broth  
Yeast extract 1.0, mannitol 10.0, dipotassium phosphate 0.5, magnesium sulphate 
0.20, sodium chloride 0.10 (pH 6.8) 
3.1.3. Composition of reagents/buffers/solutions 
Gram staining  
Primary stain 
Solution A  
Crystal violet (90% dye content) 2.0 g, ethyl alcohol (95%) 20.0 ml  
Solution B  
Ammonium oxalate 0.8 g, distilled water 80 ml  
Gram’s Iodine  
Iodine 1.0 g, potassium iodide 2.0 g, distilled water 300 ml  
Decolorizer Ethyl alcohol (95%) 
Ethyl alcohol 95.0 ml, distilled water 5.0 ml 
Counter stain  
Safranin O (2.5% solution in 95% ethyl alcohol) 10 ml; distilled water 100 ml  
(Dilute ten times with distilled water before use) 
Nitrate reduction test Solution 
Solution A 
Sulfanilic acid 5.0 g, acetic acid 5M (500 ml) 
Solution B 
 α-naphthylamine 5.0 g, acetic acid, 5M (500 ml).  
25% alc. KOH: KOH (25.0 g) in 35 ml distil water and 65 ml ethanol 
Cacodylate buffer 
0.2 M stock solution of sodium cacodylate [Na (CH3)2 AsO2.3H2O] was prepared in 
distilled water (4.28 g 100 ml-1). 0.2 M HCl per 100 ml was added to cacodylate stock 
solution, followed by the addition of distilled water to a final volume of 400 ml, to 
obtain 0.05 M cacodylate buffer at the desired pH. 
Normal Saline Solution (NSS) 
Sodium chloride 0.85 g, distilled water 100 ml  
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Phosphate buffer saline (PBS) 
Mix equal volume of 0.02M K2HPO4 (pH 7.8) and 0.02M KH2PO4 (pH 5.6) and add 
0.6% (w/v) sodium chloride (final pH 7.0). 
Hathway’s reagent 
1ml of 0.1 M FeCl3 (in 0.1 N HCl); 1ml of 0.1 M K3 FeCN6 was mixed and the volume 
was made up to 100 ml 
80% Acetone 
Acetone 80 ml, water 20 ml 
Solution A (2% sodium carbonate solution)  
Sodium carbonate 2 g, (Mixed with 0.1 N sodium hydroxide) 
Solution B (Copper sulphate reagent) 
Copper sulphate 0.5 g, potassium sodium tartrate 1 g, distilled water 100ml 
Solution C (Alkaline Copper solution) 
50 ml Solution A was mixed with 1 ml of solution B 
Solution D (Folin-Ciocalteau Reagent) 
Folin-Ciocalteau Reagent of Hi- Media Lab Ltd, India was used as solution D. 
Sodium tungstate 100 g, sodium molybdate 25 g, distilled water 700 ml, 85% ortho 
phosphoric acid 50 ml, HCl 100 ml, bromine water few drops (Reflux the mixture for 
10 h). Boil the solution without condenser for 15 minutes to remove excess Bromine, 
cool and dilute it to 1 liter 
Chloromolybidic acid 
Dissolve 15 g of Ammonium molybdate in 400 ml warm distilled water. Add 342 ml 
of 12N HCl and cool. Make up volume to one litre with distilled water.  
Chlorostannous acid 
Dissolve 2.5 gram of SnCl2.2H2O in 10 ml of concentrated HCl (heat). Make up 
volume to 100 ml with distilled water. 
Salkowski’ reagent 
Add 1ml of 0.5 M Ferric chloride solution in 50 ml of 35% perchloric acid. 
3.2. Methodology  
3.2.1. Collection of soil samples 
Rhizospheric soil samples were collected from locally cultivated crops mainly, wheat 
and chickpea in the vicinity of Aligarh, India. Each soil sample was a composite of 
five replicates and processed separately for the microbiological and physicochemical 
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studies. If the microbiological analysis was not done immediately, the samples were 
kept in sterile zipper polythene bags and stored at 4 oC for a short period of time.  
3.2.2. Isolation of Pseudomonas spp. 
Rhizospheric soil samples were collected from agricultural fields located at Aligarh, 
India. Soil tightly adhered to roots (5-8mm) were collected by vortexing the roots in 
0.85% sodium chloride solution and used for the isolation of Pseudomonas on King’s 
B medium (KB, Hi-Media, India). Plates were incubated at 28 °C for 48 h. 
Representative colonies were selected on the basis of distinct morphological 
characteristics. Production of yellow-green fluorescence was analyzed under UV 
light. Colonies with and without fluorescence were selected and purified by repeated 
streaking and maintained on agar slants at 4 ºC.   
3.2.3. Isolation of Bacillus spp. 
Rhizospheric soil sample (1 g) was suspended in 9 ml sterile distilled water (SDW) 
and incubated in water bath at 80 ºC for 10 min. After serial dilution 0.1 ml 
suspension was spread on the PYD agar plates and incubated at 28 °C for 24-48 h.  
Colonies having serrated margins, fried egg like appearance with waxy growth were 
selected and purified by repeated streaking and maintained on agar slants at 4 ºC.   
3.2.4. Isolation of nitrogen fixers 
Rhizospheric soil sample (1 g) was suspended in 9 ml sterile normal saline solution 
(NSS) and serially diluted. Further 0.1 ml of this suspension was spread on the 
Jensen’s agar plates. The plates were incubated at 28 °C for 48-72 h or more. After 
incubation colonies was selected on their morphology and further purified by repeated 
streaking and maintained on agar slants at 4 ºC.   
Table M-3. Description of the growth conditions required for different groups of 
 microorganisms. 
Group of microorganisms Medium Incubation 
temperature  
pH Incubation  
period (h) 
Pseudomonas spp. King’s B agar 28 ± 2 oC 7.2±0.2 24-48 
Bacillus spp. PYD agar 28 ± 2 oC 7.4±0.2 24-48 
Nitrogen fixing bacteria Jensen’s agar 28 ± 2 oC 7.4±0.2 48-72  
PYD-Peptone yeast dextrose agar medium 
3.3. Morphological and cultural characterization 
Isolates were morphologically and culturally identified by examining the colony 
colour, shape and texture by using selective agar media for their growth. 
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3.3.1. Microscopic examination 
Gram staining  
The Gram staining was done according to the standard procedure of Cappuccino and 
Sherman (2001). A smear of the bacterial culture was prepared on a clean glass slide 
with the help of sterile inoculating loop. The smear was heat fixed gently, flooded 
with crystal violet for 1 min, and washed with tap water. Gram’s iodine applied to the 
smear for 1 min and washed again. Decolorizer was then added drop by drop until the 
crystal violet failed to wash from the smear. The slide was washed again under a 
streamline flow of tap water and safranin was applied for 45 seconds to counter stain 
the cells. After the final wash, the slide was air dried and examined under oil 
immersion under a light microscope (Olympus BX60, Japan). 
Growth on different temperatures 
Bacterial cultures were inoculated on their respective medium and incubated at 4 °C, 
41 °C and 44.5 °C for 24-48 h. The presence and absence of cultural growth was 
recorded. 
3.3.2. Biochemical characterization 
Various biochemical tests were performed using standard methods as described by 
Cappuccino and Sherman (2001). 
Indole test  
For the detection of indole production, bacterial cultures were inoculated into the 
nutrient broth (NB) and incubated at 28 ºC for 24-48 h. The presence of indole was 
detected by the addition of Kovac’s reagent, which produces a cherry red reagent 
layer in indole positive cultures. 
Methyl red and Voges-Proskauer tests  
The cultures were inoculated into 5 ml of Methyl red and Voges-Proskauer (MR-VP) 
broth and incubated at 28 ºC for 24-48 h.  Grown cultures were divided into two 
aliquots (1ml each) and 3-4 drops of methyl red indicator was added to 1 ml aliquot of 
culture. The production of red color was considered as a positive result. To the other 
aliquot of the MR-VP broth culture, few drops of Barritt’s reagent A were added and 
mixed gently. Immediately, few drops of Barritt’s reagent B were added and mixed 
again. The development of pink color within 15 min indicated positive Voges-
Proskauer test. 
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Citrate utilization test 
This test is performed to determine the ability of bacterial culture to use citrate as a 
sole source of carbon. The bacterial culture was streak inoculated onto the Simmon’s 
citrate agar slants and incubated at 28 ºC for 24-48 h. The growth of the culture and 
the development of blue color indicated a citrate positive test. 
Catalase test  
Nutrient broth inoculated with the test isolates was incubated at 28 ºC for 24 h. 
Catalase production was determined by adding 2-3 drops of H2O2 (3 %). The instant 
generation of bubbles indicated a positive test for catalase. 
Oxidase test  
This test is performed in test tubes using paper disc impregnated with 1% N, N-
dimethyl-p-phenylenediamine oxalate and α-naphthol. A heavy suspension was 
prepared from overnight grown bacterial cultures in 0.2 ml of SDW, and one oxidase 
disc was added. The development of pink colour turning into maroon and then finally 
blue-black color within 10-15 seconds indicated an oxidase positive test. 
Growth on nitrogen free medium 
Bacterial cultures were streaked on Jensen’s agar medium plates and incubated at 28 
°C for 24-48 h. The presence and absence of cultural growth was recorded. 
Starch hydrolysis 
All the test bacterial isolates were spot inoculated on the starch agar plates by placing 
loopful of culture and were  incubated at 28 ºC for 24-48 h and flooded with Gram’s 
iodine. Starch in the presence of iodine would impart a blue black color to the 
medium indicating a negative result. If starch had been hydrolysed, a clear zone of 
hydrolysis would surround the growth of the organism. This would be a positive 
result. 
Gelatin liquefaction 
Nutrient gelatin deep tubes were prepared and inoculated with the bacterial cultures 
and incubated at 28 °C for 48 h. Following incubation, the cultures were placed in a 
refrigerator at 4 °C for 30 minutes. Cultures that remain liquefied produced gelatinase 
and demonstrated gelatin hydrolysis. Cultures that solidified on refrigeration lack 
gelatinase and gave a negative reaction. 
Nitrate reduction test:  
Tubes containing 3 ml of nitrate broth and inverted Durham’s tubes were inoculated 
with 100 µl of culture and incubated at 28 ºC for 24-48 h. After incubation, 3 drops of 
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solution A (sulphanilic acid) was added followed by addition of three drops of 
solution B (α-naphthylamine). Development of red colour with in 30 min indicated 
the reduction of nitrate to nitrite. To the colourless solution a pinch of Zn powder was 
added. Further, development of red colour indicated negative reaction but culture 
broth remained colourless, indicated positive reaction showing a reduction of nitrate 
beyond nitrite into ammonia or nitrogen gas. 
Carbohydrate fermentation:  
Briefly, 3 ml of phenol red fermentation broth in sugar tubes containing 0.7% w/v of 
different sugars (viz. glucose, lactose, fructose, sucrose and mannitol) and having 
Durham’s tube in inverted position were inoculated with bacterial culture. The 
inoculated tubes were incubated at 28 ºC for 48h. Colour change from red to yellow 
and production of gas were observed. Change of colour with or without gas 
production was indicated as positive reaction. 
3.3.3. Scanning electron microscopy of test isolates 
 For scanning electron microscopy of bacterial isolates, 100 µl of cell suspension was 
inoculated into 10 ml Luria broth (LB) and incubated at 28 ºC for 48 h at 120 rpm and 
harvested to obtain cell pellets. Furthermore, harvested cell pellets placed into 
eppendorf containing 2.5% glutaraldehyde in 0.05 M phosphate buffer (pH 6.8) at 4 
ºC and fixed for 24 h. The samples were dehydrated through a graded ethanol series 
(30 %, 50 %, 70 %, and 100%) for 10 min in each alcohol solution and dried in CO2 
with a critical point-dryer (LEICA-EM CPD 300, Germany), mounted on stubs, and 
shadowed with gold, (Gold Sputter Coater unit – JEOL-JFC1600, Japan) for viewing 
under a SEM (JEOL-JSM 6510 LV, Japan) at 15 kV to assess the cell morphology.  
3.3.4. Identification of selected bacterial isolates by 16S rRNA gene sequencing 
and phylogenetic tree construction 
Sequencing of the 16S rRNA partial gene of selected isolates (DCP2, MW4, PQ1, 
WS1, PB5, BD6, BCH4, BC1, KP5, AZCH6) was done commercially by a DNA 
sequencing service (Macrogen Inc. Seoul, South Korea) using universal primers, 518F 
(5´CCAGCAGCCGCGGTAATACG3´) and 800R (5´TACCAGGGTATCTAATCC 
3´). Nucleotide sequence was submitted to GenBank sequence database for accession 
number. The partial sequence were analysed with the Basic Local Alignment Search 
Tool (BLASTN) and compared to known bacterial sequences present in NCBI 
GenBank data base (http:/www.ncbi.nlm.nih.gov). Related sequences obtained from 
the database were used to construct a phylogenetic tree using MEGA5 software.   
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3.3.5. Preservation of bacterial cultures 
 The well characterized and identified isolates of Pseudomonas spp., Bacillus spp., 
Azotobacter sp., Klebsiella sp. were deposited in the culture collection of the 
department of Agricultural Microbiology, Aligarh Muslim University, Aligarh. One 
set of bacterial isolates were maintained as glycerol cultures at -80 ºC. The working 
set of bacterial isolates were maintained on agar slants of respective medium at 4 °C 
and subcultured on agar slants/NB prior to use in assays.  
3.4. Determination of tolerance to salt 
Test isolates were assayed for their tolerance to various concentration of NaCl 
(sodium chloride). Briefly, freshly prepared NaCl solution of varying concentrations 
ranging from 1-10% was added to 1 ml sterile NB.  Ten μl of overnight grown 
bacterial culture (≈107 CFU ml-1) was added to each test tube and incubated at 28 ºC 
for 48 h. The test tubes were examined for the presence and absence of growth. Each 
experiment was performed in triplicate and repeated at least two times. 
3.5. Determination of antibiotic sensitivity 
Antibiotic sensitivity of the test isolates was determined by disc diffusion method 
(Bauer, et al., 1966). Briefly, 0.1 ml of bacterial culture (≈107 CFU ml-1) was spread 
on the surface of nutrient agar (NA) plates. The antibiotic discs of definite potency 
were then placed on the agar surface and the plates were incubated overnight or more 
at 28 oC for 24h. The zone of growth inhibition around the antibiotic discs was 
measured and the results were recorded as resistant or sensitive based on zone sizes. 
Escherichia coli B was used as a control strain. 
3.6. Determination of minimum inhibitory concentration of heavy metals 
The minimum inhibitory concentrations (MICs) of heavy metals were determined 
against the test isolates by the broth macrodilutuion method as described by Petrus et al. 
(2011) with few modifications. Briefly, each culture was grown O/N and approximately 
diluted to achieve ≈107 CFU ml-1. Ten µl of bacterial culture was inoculated to 1ml 
NB medium broth containing a range of concentration (2-2048 µg ml-1) of selected 
heavy metals salts (cadmium [CdCl2], copper [CuSO4], cobalt [CoCl2], nickel 
[NiSO4], mercury [HgCl2], lead [Pb(CH3COO)2] and incubated at 28 °C for 24-48 h. 
MIC was defined as the lowest concentration that inhibited visible bacterial growth. 
Escherichia coli B was used as a control strain.   
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3.7. Assays for plant growth promoting activities  
The test rhizobacterial isolates belonging to Pseudomonas spp., Bacillus spp. and 
nitrogen fixers (Azotobacter sp. and Klebsiella sp.) were evaluated for their plant 
growth promoting activities such as phosphate solubilization, production of indole 
acetic acid (IAA), siderophore, ammonia, hydrogen cyanide, exopolysaccharides, 1-
Aminocyclopropane-1-carboxylate (ACC) deaminase activity and antifungal activity.  
3.7.1. Quantitative estimation of indole acetic acid 
Quantitative analysis of IAA was performed using spectrophotometric method of 
Loper and Scroth (1986) using different concentrations of L-tryptophan (0, 50- 500 g 
ml-1) as a precursor. Freshly grown cultures was inoculated in flask containing 100 ml 
tryptophan amended NB and incubated at 28 °C for 48 h on the rotary shaker (120 
rpm). Fully grown cultures were centrifuged at 825×g for 30 min and 2 ml of 
supernatant was combined with two drops of orthophosphoric acid and 4ml of the 
Salkowski reagent. Development of pink colour indicates IAA production. Optical 
density was measured at 530 nm using spectrophotometer (UV5704SS, ECIL, India). 
The concentration of IAA produced by cultures was measured with the help of 
standard graph of IAA (Hi- Media) obtained in the range of 10–100 µg ml-1. 
3.7.2. Detection of phosphate solubilization activity 
 The test bacterial isolates were screened for their phosphate solubilization activity on 
Pikovskaya’s (PVK) agar medium (Pikovskaya, 1948). Freshly grown bacterial 
cultures was spot inoculated on Pikovskaya’s medium containing tricalcium 
phosphate (0.5%) and incubated at 28 oC for 7 days. The formation of a clear zone 
around the bacterial growth on culture plates was considered positive for phosphate 
solubilization.  
3.7.3. Quantification of phosphate solubilization 
 The phosphate solubilization was quantified by measuring the soluble phosphate 
released in the culture medium, following the method of King (1932) as described by 
Gaur, (1990). Pikovskaya’s broth was separately inoculated with fully grown culture 
(≈107 CFU ml-1) of the test bacterial isolates and incubated for eleven days at 28 °C 
on a rotary shaker (120 rpm).  The uninoculated medium was served as a control. At 
different time intervals during growth, 10 ml of culture was removed from each flask 
and centrifuged at 9168×g for 30 minutes. Ten ml of supernatant is transferred to 
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tubes and mixed with 10 ml of chloromolybdic acid and five drops of chlorostannous 
acid were added and volume was adjusted to 50 ml with distilled water. The 
developed blue colour was read at 600 nm the help of spectrophotometer (UV5704SS, 
ECIL, India). The amount of phosphate solubilized was calculated using the 
calibration curve of KH2PO4.   
 3.7.4. Qualitative estimation of siderophores  
Siderophore production was determined by universal assay of Schwyn and Nielands 
(1987). Briefly, first the glasswares were deferrated with 6N HCl overnight. Solution 
A (dye), the dark blue solution was autoclaved. MM9 medium was deferrated 
separately in 3% 8-hydroxyquinoline for the removal of iron. The medium was 
separately washed with chloroform and traces of 8-hydoxyquinoline and chloroform 
were removed. Pipes buffer (30.24 g) pH was adjusted to 6.8 using 12 g of 50% (w/v) 
NaOH solution. All the three solutions A, B and C were autoclaved separately. After 
cooling the solution up to 50 oC, 30 ml of casamino acid (10%), the carbon source and 
other required supplements were added in sterile conditions. The dye solution was 
finally added along the glassware with enough agitation to achieve mixing without 
generation of foam. Chrome azurol S agar plates were spot inoculated with test 
organism 10μl (≈107 CFU ml-1) and incubated at 28 oC for 48 h. Formation of yellow-
orange halo around the growth was considered as positive for siderophore production. 
The Yellow-orange halo was measured around the colonies of bacterial isolates which 
were positive for the siderophore production. 
3.7.5. Quantitative estimation of siderophores 
Test isolates from each bacterial group were further assayed for the quantification of 
catechol types siderophores using the method as described by Reeves et al. (1983). 
The isolates were grown in 100 ml Modi medium at 28 oC for 5 days.  The fully 
grown cultures were centrifuged at 9168×g for 20 minutes. The pH of supernatant was 
adjusted to 2 and ethyl acetate was added in 1:1 twice in a separating funnel and 
separated. The resultant ethyl acetate fraction was collected and 5ml of this fraction 
was combined with 5 ml of Hathway’s reagent and the absorbance was measured at 
700 nm for benzoate and 560 nm for salicylates. The concentrations of benzoates and 
salicylates were calculated with the help of standards such as 2-3 dihydroxy benzoic 
acid (1-10 µg ml-1) and salicylic acid (1-30 µg ml-1) respectively. 
3.7.6. Ammonia production 
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Test isolates were examined for the expression of ammonia in peptone water. 
Bacterial cultures were grown in 10 ml peptone water at 28 oC for 48-72 h. 
Subsequently, 0.5 ml of Nessler’s reagent was added to it. The development of brown 
to yellow colour was a positive test for ammonia production (Cappuccino and 
Sherman, 2001). 
3.7.7. Detection of hydrogen cyanide production  
The test bacteria were screened for the production of hydrogen cyanide (HCN) by the 
method of Lorck (1948). Briefly, glycine (4.4 g l-1) was added to NA and bacteria 
were streaked on modified agar plate. A Whatman filter paper no. 1 soaked in 2% 
sodium carbonate in 0.5 % picric acid solution was kept in the top of the plate. Plates 
were sealed with parafilm and incubated at 28 oC for 4 days. Development of orange 
to red colour indicated HCN production. 
3.7.8. Exopolysaccharides production 
The exopolysaccharides production by the rhizobacterial isolates was evaluated using 
the method of Mody et al. (1989). The test isolates were grown on basal broth 
medium (100 ml) and incubated at 28°C for 96 h on rotary shaker at 125 rpm. The 
culture broth was centrifuged at 5433×g for 30 min and exopolysaccharides was 
extracted by adding three volumes of chilled acetone to one volume of supernatant. 
The precipitated exopolysaccharides was repeatedly washed three times alternately 
with DW and acetone, transferred to a filter paper and weighed after overnight drying 
at room temperature. Each experiment was repeated three times. 
 3.7.9. 1-Aminocyclopropane-1-carboxylate deaminase activity  
 To determine the presence of (1-Aminocyclopropane-1-carboxylate) ACC 
deaminase, the ability of the isolates to use ACC as nitrogen source was checked by 
growing bacterial isolates onto Dworkin and Foster’s salts minimal agar medium 
(Dworkin and Foster, 1958). The medium was supplemented with 3.0 mM ACC 
(Sigma Aldrich, USA) per litre instead of (NH4)2SO4 as a sole nitrogen source. The 
heat-labile ACC was filter sterilized through sterile 0.2-µm membrane filters (Merck 
Millipore, USA) and the filtrate was added to the salts medium after autoclaving. The 
isolates were inoculated in triplicate on DF agar medium plates amended with ACC 
and incubated at 28 °C in the dark for three days. The growth of the isolates on DF 
agar medium amended with ACC (DF-ACC agar) was considered as an indicator of 
the efficiency of isolates to utilize ACC and to produce ACC deaminase (Penrose and 
Glick, 2003). 
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3.7.10. Assay for the detection of antifungal activity 
Bacterial isolates were evaluated for their antifungal activity against Fusarium 
oxysporum (MTCC-3930), Fusarium ciceri (ITCC-3636), Fusarium solani (ITCC-
6953), Aspergillus niger (ITCC-6370), Alernaria alternata (ITCC--6778) by dual 
culture assay (Landa et al. 1997). For this, a mycelial disc of 4 mm diameter was 
placed in the centre of the sabouraud dextrose agar (SDA) plate. Three 50µl drops 
from ≈107 CFU ml-1 cell suspensions were equidistantly placed 3cm away from the 
fungal mycelial disc. LB broth served as control. The plates were incubated for 7 days 
at 25 ºC. The antifungal activity was determined by measuring the width of the clear 
zone between the bacterial colony and fungal pathogens. Each experiment was 
repeated three times. 
3.8. Seed germination assay 
Triticum aestivum L. (var. PBW-343) and Cicer arietinum (var. Avrodhi) seeds were 
surface sterilized with 5% sodium hypochlorite (NaOCl) solution for 10 min followed 
by subsequent washing with SDW. Surface sterilized seeds were soaked in overnight 
grown bacterial cultures for 2h. The seeds soaked in SDW alone served as control. 
Seeds were placed in Petri plates containing 0.8% agar and incubated at 25 °C for 
seven days. Three replications were maintained for each treatment. Percent seed 
germination, shoot, and root lengths were recorded in treatments and control. 
3.9. Assays for biofilm study 
Various broths used in biofilm study are listed below. 
Table M-4. Broths (liquid medium) used to check biofilm forming ability of test 
rhizobacterial isolates. 
Rhizobacterial 
isolates 
Medium Incubation 
temperature (°C) 
Pseudomonas  spp. Tryptic Soy Broth 28 ± 2o C 
Bacillus spp. PYD Broth 28 ± 2o C 
Azotobacter sp. Burks Nitrogen Free 
Medium  
28 ± 2o C 
Klebsiella sp. LB with 0.3% Glucose 28 ± 2o C 
 
3.9.1. Microtitre plate assay for biofilm  
The evaluation of biofilm formation by test isolates was performed using 96 well 
polystyrene microtitre plates as described by O’Toole and Kolter (1998). Briefly, test 
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isolates were grown in their respective growth medium (Hi-Media, India) medium at 
28 °C for 24-48 h. Each well was filled with 200 µl of culture (~107CFU ml-1) and 
incubated at 28 °C for 24-48 h. The wells were washed with phosphate buffer saline 
(PBS), followed by staining with 0.1% crystal violet for 20 min. After staining, the 
wells were washed with PBS. The bound crystal violet was solubilized with 95% 
ethanol and absorbance was measured at 590 nm using plate reader (Thermo 
Scientific Multiskan EX, UK). A classification of the isolates into moderate biofilm 
formers, (2 × ODcontrol) < OD ≤ (4 × ODcontrol), and strong biofilm formers, (4 × 
ODcontrol) < OD, were made as described by Stepanovic et al., 2000.  
3.9.2. Biofilm formation on glass coverslips 
Crystal violet assay with little modifications as described by O’Toole and Kolter 
(1998) was performed to determine the biofilm formation by test isolates on to glass 
coverslips. Briefly, selected bacterial isolates were grown in their respective growth 
medium at 28 °C 24-48h. A 12 well microtiter plate containing coveslips were filled 
with 2 ml of cell culture per well and incubated statically at 28 °C for 24-48 h. 
Coverslips were rinsed with PBS and  stained with 0.1% crystal violet for 20 min. 
After staining, coverslips were washed with PBS and examined under the light 
microscope (Olympus BX60, Japan) at 100x. 
3.9.3. Confocal laser scanning microscopy of biofilms formed on glass coverslips 
The biofilms were allowed to form on glass coverslips as mentioned above. After the 
formation of biofilm, the medium was discarded and discs were washed three times 
with sterile PBS and subsequently stained with acridine orange for 10 min. 
Microscopic observations and image acquisitions were performed using confocal laser 
scanning microscope (CLSM) (Olympus Fluoview FV1000, Japan). The excitation 
and emission wavelengths were 488 and 525 nm respectively. Images were obtained 
using 100x oil immersion lenses with UPlanSApo 100x/1.40 objective with an 
additional zoom of 3x. Each coverslip was scanned at five randomly selected 
positions for biofilm visualization. 
3.9.4. Scanning electron microscopy of biofilms formed on the roots of Triticum 
aestivum and Cicer arietinum 
For scanning electron microscope (SEM) experiment, Triticum aestivum (var. PBW 
343) and Cicer arietinum (var. Avrodhi) seeds were surface sterilized with 5% NaOCl 
solution for 10 min followed by subsequent washing with SDW, were sown in sterile 
sand-soil mixture (autoclaved four times at a span of two days) for raising seedlings. 
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The soil water content of pot was adjusted daily with SDW until the seed germination 
and after the emergence of shoot the pot is watered once in every three days with 
Hewitt plant nutrient solution (Hewitt, 1966). After 15 days of growth, the plant was 
uprooted, and roots were washed with SDW 3-4 times. Roots of the Triticum aestivum 
and Cicer arietinum were inoculated by soaking in 10 ml diluted overnight cultures of 
selected test bacterial isolates (≈105CFU ml-1) prepared in the respective nutrient 
medium. In the control plants, SDW was used. After 24 h root samples were fixed in 
2.5% glutaraldehyde, they were washed in the same buffer and then fixed in osmium 
tetraoxide. The samples were dehydrated through a graded ethanol series and dried in 
CO2 with a critical point-dryer, mounted on stubs, and shadowed with gold, (Sputter 
Coater - Polaron SC7640 UK) for viewing under SEM (Carl Zeiss EVO 40, Germany) 
at 20 kV at various magnifications. All images were computer-processed.  
3.9.5. Confocal laser scanning microscopy of biofilms formed on the root of 
Triticum aestivum and Cicer arietinum  
Surface sterilized seeds of Triticum aestivum L. (var. PBW-343) and Cicer arietinum 
(var. Avrodhi) were sown in sterile sand-soil mixture for raising seedlings. After 15 
days of growth, the plant was uprooted, and roots were washed with SDW 3-4 times. 
Roots of the Triticum aestivum and Cicer arietinum were inoculated by soaking in 10 
ml diluted overnight cultures of test bacterial isolates (≈105 CFU ml-1). The root 
samples were stained with acridine orange for 10 min after 24 h of incubation. 
Microscopic observations and image acquisitions were performed with a CLSM 
system (Olympus Fluoview FV1000). The excitation and emission wavelengths were 
488 and 525 nm respectively. Images were obtained using 20x oil immersion lenses 
with UPlanSApo 20x/0.85 objective with an additional zoom of 3x. Each coverslip 
was scanned at five randomly selected positions for biofilm visualization. 
3.10. Survival and colonization of PGPR isolates in rhizosphere and rhizoplane 
of wheat and chickpea under sterile soil 
Triticum aestivum (var. PBW-343) and Cicer arietinum (var. Avrodhi) seeds were 
surface sterilized with 5% NaOCl solution for 10 min followed by subsequent 
washing with SDW and soaked in overnight grown cultures (≈107CFU ml-1) of test 
bacterial isolates for 2 h. Seeds soaked in SDW alone served as control. The seeds 
were shade dry on laminar flow and  then sown directly 1 cm below the soil surface in 
15 cm pots containing sterile soil (autoclaved four times at a span of two days). The 
wheat and chickpea plants were grown for 45 and 60 days under open field conditions 
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respectively. Three replicates for inoculated and control treatment were maintained. 
The soil water content of each pot was adjusted daily with SDW until the seed 
germination and after the emergence of shoot the pot is watered once in every three 
days with Hewitt plant nutrient solution (Hewitt, 1966). Collection of samples was 
made at 15, 30, and 45 days for wheat and 20, 40 and 60 days for chickpea after 
sowing and bacterial population in rhizosphere and rhizoplane was recorded.  At each 
sampling time, three plants from each pot were randomly removed. Plants were 
carefully shaken to eliminate the attached nonrhizospheric soil.  0.1 ml of serial 
dilutions from roots with attached soil was plated on NA for determining rhizosphere 
population. For enumeration of rhizoplane population, 1 g of wheat and chickpea 
roots were macerated in 9ml SDW and vortexed vigorously to remove root-adhering 
bacteria. 0.1 ml of serial dilutions were plated on NA and incubated at 28 °C for 24-
48 h. Furthermore, the number of colonies was counted, and the total viable count was 
expressed as CFU g-1. 
3.10.1. Development of rifampicin (Rif) mutants 
Spontaneous rifampicin resistant mutants of PGPR isolates viz. DCP2, DCP4, MW3, 
MW4, BC1, BC5, BD6, BCH4, AZCH5, AZCH6, KP4 and KP5were selected. 
Firstly, MIC of rifampicin against parent isolates was determined in NB medium. 
Spontaneous mutants were isolated on antibiotic amended plates. The stability of the 
mutants was also determined by sub-culturing the mutants on the normal plate 
(without rifampicin). The Rifr mutants were also compared to the parent isolates to 
ensure that both were morphologically similar as well. 
3.10.2. Survival and colonization of Rifr mutant of PGPR isolates in rhizosphere 
and rhizoplane of wheat and chickpea in unsterile soil 
Triticum aestivum (var.PBW-343) and Cicer arietinum (var. Avrodhi) surface 
sterilized seeds were soaked in overnight grown cultures of test bacterial isolates 
(rifampicin resistant mutant) for 2h. Seeds soaked in SDW alone served as control. 
Seeds were then sown directly 1 cm below the soil surface in clay pots containing 
natural loam soil. The wheat and chickpea plants were grown for 45 and 60 days 
under open field conditions respectively. Three replicates for inoculated and control 
treatment were maintained. The soil water content of each pot was adjusted daily with 
tap water until the seed germination and after the emergence of shoot the pot is 
watered daily with Hewitt plant nutrient solution (Hewitt, 1966). Collections of 
samples were made at intervals of 15, 30, and 45 days for wheat and 20, 40 and 60 
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days for chickpea after sowing and, bacterial population in rhizosphere and rhizoplane 
was recorded.  At each sampling time, three plants from each pot were randomly 
uprooted and were carefully shaken to eliminate the attached non-rhizospheric soil. 
0.1 ml of Serial dilutions from roots with attached soil were plated on NA amended 
with rifampicin (to which strain was resistant) for rhizosphere population. For 
enumeration of rhizoplane population 1 g of wheat and chickpea roots were macerated 
in 9ml SDW and vortexed vigorously to remove root adhering bacteria. The serial 
dilutions were plated on NA amended with rifampicin. Plates were incubated at 28 °C 
for 24-48 h, the number of colonies was counted, and the total viable count was 
expressed as CFU g-1. 
3.11. Culture preparation and sowing 
Seeds of wheat (Triticum aestivum, var. PBW-343) and chickpea (Cicer arietinum, 
var. Avrodhi) were purchased from Chola Beej Bhandar, Aligarh, India and were 
surface sterilized with 5% NaOCl solution for 10 min followed by subsequent 
washing with SDW and dried. 
Before bacterisation of seeds with selected rhizobacterial isolates, the isolates were 
grown in yeast extract mannitol broth (YEM) for Mesorhizobium (specific to 
chickpea, procured from Indian Agriculture Research Institute, New Delhi). Similarly, 
other standard PGPR (Azotobacter and Pseudomonas, procured from Indian 
Agriculture Research Institute, New Delhi) and selected isolates Pseudomonas 
aeruginosa (DCP2), Pseudomonas fluorescens (MW4), Bacillus cereus (BC1), 
Bacillus subtilis (BCH4), Klebsiella pneumoniae (KP5) and Azotobacter vinelandii 
(AZCH6) were cultivated in NB on rotary shaker (120 rpm) at 28 °C for 48-72 h to 
achieve the cell density of 107-108 CFU ml-1. The seeds were inoculated with each 
isolate separately. Whereas, for dual, triple and four combinations, PGPR was mixed 
in 1:1 ratio. Surface sterilized seeds were soaked in bacterial cultures for two h. For 
uninoculated and unfertilized control seeds were soaked in SDW.  
Further, the inoculum density on wheat and chickpea seeds were also calculated by 
cyclomixing ten seeds in 9 ml sterile NSS (0.85%) from each treatment and plated on 
respective agar medium after serial dilution. Mean bacterial count per seed was 
determined after 48 h of incubation at 28 °C. 
3.11.1. Pot experiments for wheat and chickpea 
The pot experiments were conducted to evaluate the plant growth promoting ability of 
the test isolates on wheat (Triticum aestivum, var. PBW-343) and chickpea (Cicer 
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arietinum, var. Avrodhi). The experiment was performed in Rabi season (5th 
November till sampling stage) in the year 2011. Ten seeds of wheat and chickpea 
were sown in each earthen pots (25 x 22 cm) containing three kg unsterilized sandy 
loam soil (sand 73.80%, silt 18.0%, clay 8.20%, organic carbon 0.4%, organic matter 
0.6%, Kjeldahl N 0.75 g kg-1, Olsen P 16mg g-1, electrical conductivity 0.48 dSm-1, 
water holding capacity 0.44ml g-1, pH 7.8). The experiment was performed using 
completely randomized design (CRD) consisting of three replications per treatment, 
and each replication consists of ten seedlings per pot. Plants in each pot were thinned 
to three plants after ten days of emergence. The pots were watered daily with tap 
water and maintained in an open field conditions. A total of eighteen treatments for 
wheat (table M-6) and nineteen treatments for chickpea (table M-5) were used. The 
plants were uprooted after 50 and 60 days of growth for wheat and chickpea 
respectively for analysis of vegetative growth parameters (root, shoot length, fresh 
root, shoot weight, dry root, shoot weight and chlorophyll, nodule number and nodule 
dry weight). 
3.11.2. Field experiment for wheat 
The field experiment was performed for wheat (Triticum aestivum, var. PBW-343) in 
Rabi season (10th November till the harvesting stage) in the year 2012 and 2013. A 
total of eighteen treatments were used (table M-6). The field experiment was 
conducted using completely randomized design (CRD) consisting of three replications 
per treatment. The treated and untreated seeds were sown in plots of 4x4m2 in rows 
with row spacing of 20 cm. The recommended dose of chemical fertilizers (NPK @ 
120, 60 and 40 kg ha-1) was applied for fertilized control, in which half of nitrogen 
and a full dose of phosphate and potassium were applied at the time of sowing and 
remaining half of the nitrogen was applied at 1st irrigation. The standard agriculture 
practices were followed. The physico-chemical properties of agricultural field soil 
used for cultivation are summarized in table M-7.  Before sowing, the seeds were 
surface sterilised as mentioned above and inoculated with the selected microbial 
cultures. The control seeds were soaked in SDW. 
 
 
 
 
 
 60
 
Table M-5. Description of different treatments used at the time of sowing of Cicer 
arietinum (var. Avrodhi) under pot conditions. 
 Description of treatments Treatment 
no. 
Type of treatments 
Uninoculated (Inorganic fertilizer dose) 
 
 Uninoculated control T1 Uninoculated and unfertilized 
  Fertilized control T2 Uninoculated (inorganic fertilizer dose-
Diammonium phosphate (DAP) @ 6.5x 
10-2 g kg-1 to 4.5x 10-2 g kg-1 of soil 
Mesorhizobium sp.  T3 Single bacterial inoculation 
Azotobacter sp. T4 Single bacterial inoculation 
Pseudomonas sp.  T5 Single bacterial inoculation 
Mesorhizobium sp. + Klebsiella pneumoniae 
(KP5) 
T6 Dual bacterial inoculation 
Mesorhizobium sp. + Azotobacter vinelandii 
(AZCH6) 
T7 Dual bacterial inoculation 
Mesorhizobium sp. + Bacillus cereus (BC1) T8 Dual bacterial inoculation 
Mesorhizobium sp. + Bacillus  subtilis 
(BCH4) 
T9 Dual bacterial inoculation 
Mesorhizobium sp. + Pseudomonas 
aeruginosa (DCP2) 
T10 Dual bacterial inoculation 
Mesorhizobium sp. + Pseudomonas 
fluorescens (MW4) 
T11 Dual bacterial inoculation 
Mesorhizobium sp. + Klebsiella pneumoniae  
(KP5) + Pseudomonas aeruginosa (DCP2) 
T12 Triple bacterial inoculation 
Mesorhizobium sp. + Klebsiella pneumoniae  
(KP5)  + Bacillus cereus (BC1) 
T13 Triple bacterial inoculation 
Mesorhizobium sp. + Bacillus cereus (BC1) 
+ Pseudomonas aeruginosa (DCP2) 
T14 Triple bacterial inoculation 
Mesorhizobiums sp. + Azotobacter 
vinelandii (AZCH6) + Pseudomonas 
fluorescens (MW4) 
T15 Triple bacterial inoculation 
Mesorhizobium sp. + Azotobacter vinelandii 
(AZCH6)  + Bacillus  subtilis (BCH4) 
T16 Triple bacterial inoculation 
Mesorhizobium sp.+ Bacillus  subtilis 
(BCH4) + Pseudomonas fluorescens(MW4) 
T17 Triple bacterial inoculation 
Mesorhizobium sp. + Klebsiella pneumoniae  
(KP5) + Pseudomonas aeruginosa 
(DCP2)+ Bacillus cereus (BC1) 
T18 Four bacterial inoculation 
Mesorhizobium sp. + Azotobacter vinelandii 
(AZCH6)+ Bacillus  subtilis (BCH4) + 
Pseudomonas  fluorescens (MW4) 
T19 Four bacterial inoculation 
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Table M-6. Description of different treatments used at the time of sowing of Triticum    
aestivum (var.PBW-343) for pot and field trials. 
 Description of treatments Treatment 
no. 
Type of Treatments 
 
  Control T1 Uninoculated and unfertilized 
  Fertilized control T2 Uninoculated (Inorganic fertilizer 
dose) 
Azotobacter sp.  T3 Single bacterial inoculation 
Pseudomonas sp.  T4 Single bacterial inoculation 
Klebsiella pneumoniae (KP5) T5 Single bacterial inoculation 
Azotobacter vinelandii (AZCH6) T6 Single bacterial inoculation 
Bacillus cereus (BC1) T7 Single bacterial inoculation 
Bacillus  subtilis (BCH4) T8 Single bacterial inoculation 
Pseudomonas aeruginosa (DCP1) T9 Single bacterial inoculation 
Pseudomonas fluorescens (MW4) T10 Single bacterial inoculation 
Klebsiella pneumoniae (KP5) 
+ Pseudomonas aeruginosa (DCP2)  
T11 Dual bacterial inoculation 
Klebsiella pneumoniae (KP5) 
+ Bacillus cereus (BC1) 
T12 Dual bacterial inoculation 
Bacillus cereus (BC1)  
+Pseudomonas aeruginosa (DCP2) 
T13 Dual bacterial inoculation 
Azotobacter vinelandii (AZCH6) 
+ Pseudomonas fluorescens (MW4) 
T14 Dual bacterial inoculation 
Azotobacter vinelandii (AZCH6) 
+ Bacillus  subtilis (BCH4) 
T15 Dual bacterial inoculation 
Bacillus  subtilis (BCH4) 
+ Pseudomonas fluorescens (MW4) 
T16 Dual bacterial inoculation 
Klebsiella pneumoniae(KP5) +  
Pseudomonas aeruginosa (DCP2)+  
Bacillus cereus (BC1) 
T17 Triple bacterial inoculation 
Azotobacter vinelandii (AZCH6)+  
Bacillus  subtilis (BCH4)+  
Pseudomonas fluorescens (MW4) 
T18 Triple bacterial inoculation 
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Table M-7.   Physico-chemical characteristics of agricultural field soil (mg l-1). 
Parameters  Soil sample 
Texture Sandy loam 
CEC (meq/100g soil) 3.05 ± 0.22 
pH 8.13± 0.24 
Organic carbon (%) 0.68± 0.22 
EC (dS m-1) 0.48 ±0.20 
NO3-N (g Kg1 soil) 0.29 ± 0.03 
Available phosphorus 0.12 ± 7.13 
Potassium 12.16± 2.04 
Calcium 30.43 ± 1.78 
Magnesium 19.65 ± 3.02 
Sodium 11.41 ± 1.29 
Carbonate 18.42 ± 0.70 
Bicarbonate 85.35 ± 24.25 
Sulfate 16.20± 1.20 
Chloride 26.71 ± 6.12 
 
3.11.3. Sampling and data collection 
The first sampling of wheat was done at 50 days after sowing (DAS) (tillering), 
second sampling 70 DAS (jointing) and third sampling 130 DAS (harvest). At each 
sampling time 5 plants were removed from each treatment plot at random. The crop 
data was collected after the measurement of several parameters such as root, shoot 
length (cm), fresh root weight (g), fresh shoot weight (g), root dry weight (g), shoot 
dry weight (g), tiller number (plant-1), chlorophyll (mg g-1), and nitrogen content (mg 
g-1)  at 50, 70 and 130 DAS . 
3.11.4. Chlorophyll content 
This parameter was measured at above described three stages. Leaves from all sets of 
each treatment were collected. One gram of fresh leaves was grounded in 40 ml of 
80% acetone with the help of mortar and pestle. The suspension was decanted in 
buchner funnel having Whatman filter paper no. 1. The residue was ground thrice 
adding with 30, 20 and 10 ml of acetone respectively. The suspension was again 
filtered. Mortar-pestle was washed with 80% of acetone respectively and filtered. The 
filtrate was transferred to100 ml volumetric flask and volume was made upto 100ml. 
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The absorbance was measured at 645 nm and 663 nm using spectrophotometer 
(UV5704SS, ECIL, India).The chlorophyll content was calculated by using the 
following formula (Mackinney, 1941). 
Total chlorophyll in fresh tissue (X) = 20.2 (O.D. at 645) + 8.02 (O.D. at 663) x 
V/1000x W.  
Where OD645 = optical density at 645 nm; OD663 = optical density at 663 nm; V = 
final volume of chlorophyll extract in 80%o acetone and W = fresh weight of tissue 
extracted. 
3.11.5. Nitrogen content 
Nitrogen was estimated according to Linder (1942). Dried plant material (1g) was 
digested in concentrated H2SO4 and 30% hydrogen per oxide. 10 ml aliquot of the 
digested material was taken in 50 ml volumetric flask. To this, 2ml of 2.5 N sodium 
hydroxide was added to neutralize the excess acid, and 2 ml of sodium salicylate was 
added which prevented the turbidity. The volume of the solution was made up to the 
mark and 5 ml of this solution was taken. Further 0.5 ml Nessler’s reagent was added, 
volume was made up to 10 ml with distilled water and allowed to stand for five 
minutes. Absorbance measured at 525 nm using UV-visible spectrophotometer 
(UV5704SS, ECIL, India). A standard curve was prepared by ammonium sulfate 
solution. 
3.11.6. Protein estimation 
The protein content of seeds of wheat (Triticum aestivum var. PBW-343) was 
estimated by the method given by Lowry et al. (1951). Briefly, 500 mg of the seeds 
soaked overnight in PBS were ground finely in 5-10 ml PBS. The resultant sample 
extract was centrifuged, and the supernatant was used for protein estimation. Aliquots 
of 0.1 and 0.2 ml were taken from the sample extract and the volume was made up to 
1 ml. SDW served as a control. Five ml of copper solution was mixed to each tube 
including control. The resultant mixture was cyclomixed and allowed to stand for 10 
minutes. 0.5 ml folin’s reagent was added and incubated at room temperature for 30 
minutes. At the development of blue colour, the absorbance was read at 660 nm using 
UV-visible spectrophotometer (UV5704SS, ECIL, India). The protein concentration 
was calculated with the help of standard curve prepared for bovine serum albumin 
(BSA) solution. The amount of protein was expressed in mg g-1. 
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3.11.7. Yield parameters 
At the time of harvesting the yield parameters determined were dry biomass (g plant-
1), ear length (cm),  spikelet number (Ear-1),  number of grains ( Ear-1),  Grain yield  
(Plant-1), seed weight (g plant-1), weight of 1000 seeds, protein content (mg g-1) and 
yield (Kg ha-1). 
3.12. Statistical Analysis 
All experiments were repeated three times in triplicates. The data obtained on IAA 
production (500 µg ml-1), phosphate solubilization (11th day), vegetative growth 
parameters in pot experiments and data of field experiment were subjected to analysis 
of variance (ANOVA) following Duncan’s multiple range test (DMRT) at P≤0.05 
with the software SPSS ver.21.00. The linear regression graphs were prepared using 
Windows 10, Microsoft Excel 2016.  
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4.1. Isolation and biochemical characterization of selected rhizobacteria  
Rhizospheric soil samples collected from locally cultivated crops were subjected for 
isolation of selective rhizobacteria on Kings B medium, peptone yeast dextrose agar 
(PYD) and Jensen’s medium. Typical colonies appeared on Kings B medium and 
suspected as Pseudomonas were isolated, purified and tentatively characterized. 
Similarly, heat treated rhizospheric soil were used to isolate selectively endospore 
former, Bacillus spp. on PYD medium.  Non-pigmented colonies of nitrogen fixer 
developed on Jensen’s medium were selected. Table-1 summarizes the viable count of 
bacteria on the specific medium. The viable count on Kings B medium ranged from 
1.25x103 to 7.5x103 CFU g-1 . Similarly viable count of Bacillus from heat treated soil 
samples varied from 1.17x105 to 6.40x105. The occurrence of nitrogen fixers on 
Jensen’s medium was found in order of 1.09x105 to 8.56x105. The viable count varied 
from plant to plant as well as from location to location.  
The biochemical characteristics of each group (Pseudomonas, Bacillus and free living 
nitrogen fixers) are presented in table-2. Briefly, majority of Pseudomonas isolates 
exhibited fluorescens (yellow/green) and carbohydrates were utilized differentially. 
Similarly, isolates of Bacillus exhibited typical colonial and cultural characteristics. 
Colonies appeared on Jensen’s medium were biochemically distinguished as 
Azotobacter and some belongs to genus Klebsiella sp. While all Azotobacter isolates 
selected did not produce brown pigment on prolong incubation a characteristic of 
Azotobacter vinelandii. Klebsiella isolates showed normal growth on nitrogen free 
medium, and biochemical characteristics similar to Klebsiella pneumoniae. Gram 
staining reaction clearly distinguishes their typical shape and characteristics. Scanning 
electron microscopic examination of some of the representative of each group provided 
their typical structure (figure-1). After screening of more than 300 isolates for the 
presence of one or other (phosphate solubilization / IAA production at 100 µg ml-1) 
plant growth promoting traits, 85 isolates were selected for further study. Each isolate 
was given a code and maintained in the laboratory in duplicate set.  All bacterial 
isolates along with standard strains used in this study are given in table 3. 
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 Table 1. Rhizospheric viable count of bacteria on different isolation medium. 
 
Soil samples 
Site of sample collection Viable count (CFU g-1 ±SD) of soil 
King’s B medium 
[Pseudomonas spp. (103)] 
PYD medium 
[Bacillus spp. (105)] 
 Jensen’s medium 
[Nitrogen fixers (105)] 
Chickpea (Cicer aretinum)  A1 Faculty of Agricultural 
Sciences, AMU, Aligarh 
7.50±0.80 5.80±0.45 1.73±0.09 
Wheat (Triticum aestivum) A2 3.21±0.28 6.40±0.50 1.65±0.07 
Wheat (Triticum aestivum) A3 2.12±0.20 1.90±0.09 1.26±0.08 
Rice (oryza sativa) B1 Agricultural fields around 
Qila, Aligarh 
3.35±0.25 1.40±0.09 1.47±0.05 
Wheat (Triticum aestivum) B2 3.25±0.25 3.90±0.20 1.73±0.08 
Tomato (Solanum lycopersicum) B3 2.1±0.15 3.20±0.25 1.23±0.08 
Chickpea (Cicer aretinum) C1 Cheerat, village, Aligarh 5.00±0.45 1.90±0.11 1.29±0.08 
Indian mustard (Brassica 
juncea)  
C2 3.10±0.30 1.20±0.12 1.41±0.06 
Clover barseem (Trifolium 
alexandrinum) 
C3 5.80±0.40 2.80±0.25 1.27±0.05 
Chickpea (Cicer aretinum) D1 Jawan, Sikandarpur, 
village, Aligarh 
2.90±0.20 1.51±0.10 1.09±0.05 
 Lentil (Lens culinaris) D2 1.25±0.10 1.70±0.15 1.18±0.06 
Wheat (Triticum aestivum) D3 3.21±0.25 3.10±0.25 8.56±0.09 
Barley (Hordeum vulgare)  D4 3.15±0.25 2.90±0.25 1.26±0.10 
Clover barseem (Trifolium 
alexandrinum) 
E1 Kasimpur, Aligarh 3.96±0.30 3.80±0.25 1.10±0.06 
Wheat (Triticum aestivum) E2 3.28±0.30 2.56±0.20 1.13±0.12 
Sugarcane (Saccharum 
officinarum) 
F1 Mathura road, Aligarh 2.95±0.20 1.21±0.09 1.51±0.10 
Wheat (Triticum aestivum) F2 3.29±0.20 1.17±0.09 1.65±0.20 
*PYD-peptone yeast dextrose agar medium 
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                     Table 2. Cultural and biochemical characteristics of isolated bacteria from different rhizopsheric soil under study. 
Biochemical characters Pseudomonas 
species 40* 
Bacillus species 
25* 
Azotobacter species 
12* 
Klebsiella species 
08* 
Colony morphology Button shaped White, fragile, 
Smooth colony, 
fried egg type, 
serrated margins 
Watery, 
mucilaginous, 
shrink, serrated 
margins 
Mucoid, smooth 
margin 
Pigmentation Fluorescent 
Yellow-green, 
some without 
fluorescence  
- Transparent, milky  
 
Milky white 
Gram reaction Gram -ve Gram +ve Gram –ve Gram -ve 
Cell shape Rods Rods Duplex oval cells Rods 
Growth at 4°C + - + + 
Growth at 41°C + + + + 
Growth at 44.5°C - + - + 
Oxidase  + - - - 
Growth on N2 free medium - - + + 
Nitrate reduction + + + + 
Indole  - - - - 
Methyl red - - - + 
Voges-Proskuer - + - + 
Citrate utilization 100 92 100 100 
Catalase 100 100 100 100 
Hydrolysis of Starch - 84 75 - 
Gelatin liquefaction 90 100 33.33 - 
Carbohydrate utilization     
Glucose 87.50 96 75 87.50 
Lactose 7.50 36 66.66 75 
Fructose 92.50 100 78 62.5 
Sucrose 17.50 84 91.66 75 
Mannitol 32.50 84 83.33 25 
                     *Total number of isolates, values are in percent (%). 
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Table 3a. Microbial isolates used in this study. 
Isolate designation Total isolates Tentative identification Characterization  of selected isolates 
based on 16S rRNA partial gene 
sequencing 
DCP, MW, PQ,CPS,WS,BJ,PB 40 Pseudomonas spp. Pseudomonas aeruginosa, P. 
fluorescens, Pseudomonas sp., P. 
boreopolis 
BC, BD, BCH 25 Bacillus spp. Bacillus cereus, B. subtilis 
AZCH, KP 20 Azotobacter sp., Klebsiella sp. Azotobacter vinelandii, Klebsiella 
pneumoniae. 
DCP- Pseudomonas from Ag. Faculty, AMU, MW- Pseudomonas from Mathura Road, PQ-Pseudomonas from AMU Fort, CPS, WS-
Pseudomonas from Sumera village, BJ, PB-Pseudomonas from Jawan. BC-Bacillus from Mathura Road, BD, BCH-Bacillus from Cheerat. 
AZCH-Azotobacter from Ag. Faculty, AMU, KP-Klebsiella from Cheerat.  
Table 3b. Reference strains used in this study 
 Strains Source Purpose of study 
1 Escherichia coli B Microbial Type Culture Collection and Gene 
Bank, Chandigarh, India 
Metal and antibiotic sensitivity 
2 Pseudomonas fluorescens 
(MTCC-1749) 
-do- Reference strain for biofilm and PGP 
activity 
3 Bacillus subtilis  
(NRRL-B-14596) 
National Center for Agricultural Utilization 
Research, Illinois, USA 
-do- 
4 Azotobacter vinelandii  
(NRRL-B-14641) 
-do- -do- 
5 Fusarium oxysporum 
 (MTCC-3930) 
Microbial Type Culture Collection and Gene 
Bank, Chandigarh, India 
Antifungal activity 
6 Fusarium ciceri 
 (ITCC-3636) 
Indian Type Culture Collection, IARI, New 
Delhi, India 
-do- 
7 Fusarium solani 
 (ITCC-6953) 
-do- -do- 
8 Aspergillus niger  
(ITCC-6370) 
-do- -do- 
9 Alernaria alternata 
 (ITCC--6778) 
-do- -do- 
10 Azotobacter sp. IARI, New Delhi, India Control strain as bioinoculant 
11 Pseudomonas sp. -do- Control strain as bioinoculant 
12 Mesorhizobium sp. -do- Control strain as bioinoculant  
(specific for chickpea) 
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Figure 1. Representative images of scanning electron microscopy (SEM) of rhizobacterial 
 isolates. (a) Pseudomonas sp. (DCP2), (b) Pseudomonas sp. (MW4), (c) Bacillus sp. 
 (BC1), (d) Bacillus sp. BCH4, (e) Klebsiella sp. (KP5), (f) Azotobacter sp. (AZCH6). 
 
 
 
 
 
 
 
(a) (b)
(c) (d)
(e) (f)
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4.2. In vitro biofilm formation by rhizobacteria 
Biofilm forming ability of selected 85 rhizobacterial isolates was tested in microtiter plate 
using crystal violet staining method. On the basis of optical density (O.D) at 590 nm these 
isolates were grouped as moderate (0.22-0.44) and strong (≥0.44) biofilm former. Most of the 
isolates formed biofilm as rings at the air-liquid interface of the well of polystyrene plates as 
shown in figures 2-3. Variation in biofilm forming capacity among Pseudomonas, Bacillus 
and nitrogen fixers is shown in figures 4, 5 and 6 respectively and annexure-1.  Out of 40 
Pseudomonas isolates, 19 (47.5%) formed strong biofilm, whereas 68% of Bacillus and 60% 
of nitrogen fixer (Azotobacter sp. and Klebsiella sp.) isolates demonstrated strong biofilm 
respectively. Out of the eight Klebsiella isolates five (KP2, KP3, KP5, KP6 and KP15) 
demonstrated strong biofilm. Based on biofilm strength, five isolates of Pseudomonas 
(DCP2, DCP3, DCP9, DCP12 and WS1), three isolates of Bacillus (BD1, BCH4 and BC1) 
and one isolate of Klebsiella (KP5) was identified as most promising in their ability to form 
biofilm. The biofilm strength of Azotobacter was comparatively less than above 
rhizobacteria. However the isolates, AZCH1, AZCH2, AZCH6 - AZCH9, formed relatively 
strong biofilm with in Azotobacter isolates (figure 6). 
 
Figure 2. Representative photographs of biofilm formation assays for different groups of 
rhizobacterial isolates grown statically in 96 well polystyrene plates for 24 h (side 
view). (a) Control (uninoculated), (b) Pseudomonas sp. (DCP2), (c) Pseudomonas sp. 
(MW4), (d) Bacillus sp. (BC1). 
 
 
(a) (b)
(d)(c)
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 Figure 3. Biofilm formation on 96 well polystyrene microtiter plate by different groups of 
rhizobacterial isolates under stationary conditions (top view). (a) Control 
(uninoculated), (b) Bacillus sp. (BCH4), (c) Klebsiella sp. (KP5), (d) Azotobacter sp. 
(AZCH6). Biofilm was stained with crystal violet and examined after 24 h of 
incubation. 
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Figure 4. Biofilm formation on 96 well microtiter plate by Pseudomonas isolates. Error  
 bars represent SD. Columns followed by letter S represent strong biofilm formation. 
 OD590 nm = 0.22-0.44 (moderate biofilm) and ≥0.44 (strong biofilm).  
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     Figure 5. Biofilm formation by Bacillus isolates on 96 well microtiter plate. Error  
        bars represents SD. Columns followed by letter S represent strong biofilm  
       formation.  OD590 nm = 0.22-0.44 (moderate biofilm) and ≥0.44 (strong biofilm).  
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     Figure 6.  Biofilm formation on 96 well microtiter plate by nitrogen fixers. Error  
          bars represent SD. Columns followed by letter S represent strong biofilm 
          formation. OD590 nm = 0.22-0.44 (moderate biofilm) and ≥0.44 (strong biofilm).  
           AZCH-Azotobacter isolates, KP-Klebsiella isolates.   
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4.3. Tolerance to salt, antibiotics and heavy metals 
Tolerance to salt (NaCl) among the test rhizobacteria under study was assessed by 
determining minimum inhibitory concentration (MIC) using macrobroth dilution method.  
Tolerance to salt (sodium chloride) was found up to 5% by all the test bacteria. Whereas 
72.5, 88, and 25% isolates of Pseudomonas, Bacillus and nitrogen fixers (Azotobacter sp. 
and Klebsiella sp.) respectively tolerated 6% of salt concentration as shown in figure 7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   Figure 7.   Incidence of sodium chloride tolerance among test bacterial isolates.  
 
Tolerance/resistance to antibiotics was evaluated by disc diffusion assay against different 
common antibiotics like ampicillin, cefuroxime, chloramphenicol, doxycycline, 
kanamycin, rifampicin, streptomycin, tetracycline, nalidixic acid and vancomycin 
(annexures-2, 3 and 4).  The Incidence of antibiotic resistance among Pseudomonas spp. 
isolates was highest against ampicillin (95%) followed by cefuroxime (92.5%), 
vancomycin (85%), chloramphenicol (77.5%), nalidixic acid (70%), doxycycline 
(67.5%), rifampicin (55%), tetracycline (50%) and kanamycin (45%). Least resistance 
was observed against streptomycin (30%) (figure 8). 
In case of Bacillus spp. all the isolates were found sensitive to chloramphenicol and 
rifampicin. Maximum resistance was observed against nalidixic acid and cefuroxime 
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(28%) each, followed by ampicillin (20%), vancomycin (16%), kanamycin (8%), 
doxycycline (8%) and tetracycline (4%) as shown in figure 8. 
Similarly, nitrogen fixers (Azotobacter sp. and Klebsiella sp.) showed maximum 
resistance to ampicillin (65%) followed by cefuroxime (60%), kanamycin (40%), 
rifampicin (25%), streptomycin (25%), nalidixic acid (20%), vancomycin (20%), 
doxycycline (10%), chloramphenicol (10%) and tetracycline (5%) as depicted in figure 8. 
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Figure 8. Antibiotic resistance pattern among rhizobacterial isolates. (Na-Nalidixic   
  acid, AM-Ampicillin, K-Kanamycin, R-Rifampicin,VA-Vancomycin, T- 
  Tetracycline, Cxm-Cefuroxime, Do-Doxycycline,C- Chloramphenicol S- 
  Streptomycin). 
Metal tolerance among all the rhizobacterial isolates was evaluated by determining 
minimum inhibitory concentration (MIC) against six different heavy metals (Cd, Cu, Co, 
Ni, Hg and Pb). The MIC value varies from 4 to 2048 µg ml-1 against one or more metals 
(annexures-5, 6 and 7).  Among Pseudomonas isolates maximum MIC (2048 µg ml-1) 
was recorded for Pb, by 62.5% isolates followed Ni, Co, Cu and Cd as shown in figure 9. 
Similarly, different level of metal tolerance in terms of MIC in the isolates of Bacillus 
spp. is depicted in figure 10. Which demonstrate that Bacillus is relatively less tolerant to 
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Cd, Cu, Co and Hg compared to Pseudomonas. The highest MIC was recorded against Pb 
and Ni (2048 µg ml-1) and lowest against Hg (8 µg ml-1). 
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  Figure 9. Minimum inhibitory concentration of heavy metals against Pseudomonas     
isolates. 
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Figure 10. Minimum inhibitory concentration of heavy metals against Bacillus isolates. 
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Metal tolerance among nitrogen fixers is presented in figure 11. These isolates showed 
high level of tolerance (MIC ≥2048 µg ml-1) against Pb, Ni, by 35 and 5% isolates 
respectively. The least resistance was observed against Hg (MIC 64 µg ml-1). 
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  Figure 11. Minimum inhibitory concentration of heavy metals against nitrogen fixers. 
4.4. Qualitative and quantitative evaluation of plant growth promoting activities 
All the rhizobacterial isolates belonging to Pseudomonas, Bacillus and nitrogen fixer 
(Azotobacter sp. and Klebsiella sp.) groups were evaluated for the production of PGP 
traits by qualitative and/or quantitative assays. The plant growth promoting activities 
studied includes phosphate solubilization, production of Indole acetic acid (IAA), 
siderophore, hydrogen cyanide, ammonia, 1-Aminocyclopropane-1-carboxylate (ACC) 
deaminase, exopolysaccharides and antifungal activity.  
4.4.1. IAA production 
Indole acetic acid (IAA) production by bacterial isolates of all groups was tested at 
different concentrations (0, 50, 100, 200, 400 and 500 µg ml-1) of tryptophan. Isolates of 
Pseudomonas spp. could produce varied level of IAA in the presence of different 
concentration of tryptophan. There was an increase in IAA production with the increase 
in tryptophan concentration. Maximum amount of IAA was produced at 500 µg ml-1 of 
tryptophan concentration (table 4, figure 12). The highest amount of IAA was produced 
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by two Pseudomonas isolates DCP2 (156.48 µg ml-1) and MW4 (141.57 µg ml-1) 
followed by MW10, MW12, MW2 and DCP1 at 500 µg ml-1 of tryptophan after 24 hour 
of incubation (figure 13). Moreover, low amount (2.72 to 13.33 µg ml-1 ) of IAA 
production was also observed in the absence of tryptophan among twenty four isolates as 
shown in table 4. Whereas remaining sixteen isolates was unable to produce IAA in the 
absence of L-tryptophan. 
 
Table 4. Tryptophan dependent production of indole acetic acid (IAA) by Pseudomonas 
 isolates. 
Isolate 
designation 
IAA production (µg ml-1 ±SD) in the presence of tryptophan 
0 50 100 200 400 500 
Control* 6.58±1.25 9.45±2.20 11.04±0.9 25.40±2.0 39.85±2.9 63.24±4.5 
DCP1 8.89±0.09 29.42±2.0 46.05±4 69.67±7 83.55±8.2 109.59±10 
DCP2 13.33±1.0 37.66±3.2 67.65±5 95.75±8.7 114.38±11 156.48±16 
DCP3 2.72±0.2 11.67±1 24.38±2.3 46.65±2.8 68.39±9 84.35±9 
DCP4 3.20±0.20 14.73±1.2 26.36± 2.5 37.78±2.5 52.60±5 71.47±8 
DCP5 5.93±0.04 14.63±1.5 22.54±2.7 52.77±4.2 74.45±9 94.26±10 
DCP6 5.93±0.06 18.40±1.6 31.91±3 51.46±5 68.59±7 89.60±9 
DCP7 3.74±0.2 14.64±1.2 24.28±1.9 33.51±2.1 53.47±5 72.50±6 
DCP8 7.09±0.5 14.74±1 29.01±1.4 36.49±3.5 48.42±5 65.53±7 
DCP9 3.74±0.3 12.64±1.1 30.21±2.5 59.38±6 78.58±8 81.47±8 
DCP10 7.09±0.8 16.58±1.4 41.40±4 72.62±8 88.70±9 96.39±10 
DCP11 6.71±0.5 11.59±1 21.99±1.4 35.71±2.8 62.37±7 84.54±9 
DCP12 13.08±0.9 29.42±2.7 49.44±3.3 69.67±7 83.55±9 101.59±10 
MW1 8.19±0.7 15.62±1.1 22.25 ± 2.1 57.34±4 83.55±9 108.59±10 
MW2 9.57±0.8 17.66±1.6 20.65 ± 2.7 65.77±7 83.35±8 110.48±12 
MW3 5.52±0.4 11.67±0.9 24.35 ± 2.3 46.85±3.8 78.39±9 94.35±10 
MW4 11.82±1 24.73±2.2 31.08 ± 3 87.88±9 112.60±11 141.57±15 
MW5 8.19±0.8 10.66±0.9 12.21 ± 0.8 39.77±4 64.42±7 84.26±6 
MW6 5.52±0.6 9.41±0.7 13.26 ± 0.9 41.46±4 68.51±7 97.61±10 
MW7 7.83±0.8 14.84±1.7 28.14 ± 2.9 53.57±4.8 81.88±8 102.50±11 
MW8 9.90±0.8 13.67±1 28.55 ± 2.4 66.79±7 88.48±9 105.53±10 
MW9 10.49±1 18.67±1.6 26.14 ± 3 79.98±8 98.58±10 101.67±10 
MW10 10.12±1 18.58±1.8 25.29 ± 2.4 72.62±6.5 96.70±10 112.39±12 
MW11 8.54±0.9 19.59±2 24.50 ± 2.2 57.71±6 89.36±9 104.54±10 
MW12 9.83±0.9 17.64±1.6 21.05 ± 2.1 79.38±8 99.85±10 111.47±11 
PQ1 ND 6.64±0.2 12.78±0.6 13.50±1.2 15.12±1.6 29.32±3 
PQ2 ND 5.86±0.15 11.15±0.4 12.76±1.1 13.58±1.4 31.08±4 
PQ3 ND 4.10±0.10 10.20±0.9 11.20±1 13.10±1.4 27.73±2.5 
CPS1 ND 3.23±0.05 5.23±0.3 10.21±1 11.10±1.2 12.80±1.4 
CPS2 ND 2.65±0.06 5.65±0.4 09.10±0.8 10.56±1 11.40±1 
CPS3 ND 3.0±0.01 6.12±0.7 08.25±0.7 9.93±0.8 11.15±0.9 
WS1 ND 10.88±0.8 14.90±1.5 15.17±0.5 17.45±1.6 42.78±3 
WS2 ND 12.45±0.9 15.60±1.6 16.40±1.5 17.80±1.8 41.01±3 
WS3 ND 13.60±1 16.80±1.7 18.76±1.6 19.45±2 40.65±3 
BJ1 ND 9.90±0.5 10.90±1 12.54±1.2 13.56±1.2 14.78±1.5 
BJ2 ND 8.89±0.7 9.89±0.8 13.10±1.4 15.34±1.6 16.25±1.7 
BJ3 ND 6.70±0.5 9.10±0.9 13.80±1.5 14.80±1.3 15.20±1.2 
PB1 ND 5.52±0.4 9.52±0.7 12.10±1.2 14.10±1.5 16.10±1.5 
PB2 ND 10.33±1 13.33±1.2 15.67±1.6 17.25±1.7 18.70±1.9 
PB4 ND 11.34±1.2 15.34±1.4 17.93±1.8 19.15±1.8 21.22±2.5 
PB5 ND 08.21±0.7 10.21±1 14.02±1.5 16.20±1.7 18.12±2 
*MTCC-1749       
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    Figure 12. Tryptophan dependent production of indole acetic acid (IAA) by selected  
  Pseudomonas isolates. Inset representative image of indole acetic acid  
  production by rhizobacterial isolates.  
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Figure 13. Indole acetic acid (IAA) production by selected Pseudomonas isolates at 500 
µg ml-1 of tryptophan concentration. Data are the average of three experiments 
and were analyzed using Duncan’s multiple range test (P ≤ 0.05). Letter ‘a’ 
indicates the highest value, and ‘y’ the lowest value. The same letters within a 
column indicate no significant differences exist between the numbers. 
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Table 5 shows the IAA production by isolates of Bacillus under study. Similar pattern 
was IAA production similar to Pseudomonas increased with the increasing concentration 
of tryptophan (figure 14). At 500 µg ml-1 concentration of tryptophan maximum level of 
IAA production (116.16 µg ml-1) was detected in isolate BCH6 followed by BCH7 and 
BCH3. Other isolates showed variation from 32.16 to 84.83 µg ml-1 at 500 µg ml-1 of 
tryptophan concentration shown in figure 15. Interestingly no isolates was found negative 
for IAA in the absence of tryptophan.  
 
Table 5. Tryptophan dependent production of indole acetic acid (IAA) by Bacillus 
isolates. 
Isolate 
designation 
IAA production (µg ml-1 ±SD) in the presence of tryptophan 
0 50 100 200 400 500 
Control* 05.25±1.0 12.09±1.0 19.84±1.05 29.10±1.20 35.40±3 49.84±4 
BD1 20.39±2.0 26.62±1.5 35.95±3.2 38.40±3.5 41.40±4 54.62 ±5 
BD2 13.33±1.2 15.34±.1 15.90±1.2 21.88±2.0 42.39±4 53.71±4 
BD3 18.59± 1.5 33.86±2.3 34.91±3.5 41.40±5.5 47.02±5 59.11±6 
BD4 14.49±1.2 23.09±1.2 33.01±2.1 37.39±3.5 42.19±5 45.58±4 
BD5 12.73 ±1.1 18.06±0.9 26.62±2.1 28.66±2.5 35.54±4 38.40±4 
BD6 16.18 ±1.0 21.88±2.1 23.81±2.2 31.94±3.5 35.95±2.5 52.06±6 
BD7 16.18±1.5 16.72±1.2 17.80±1.8 39.81±4 44.14±5 84.18±7 
BCH1 23.33 ±2.1 32.59±1.1 40.01±4.8 72.24±8 75.27±8 84.83±7 
BCH2 19.36±1.2 26.16±1.3 31.73±2.4 45.49±5 60.17±8 70.72±8 
BCH3 19.36±1.2 22.85±1.4 32.59±2.5 41.40±3.5 73.59±9 101.00±9 
BCH4 25.23±2.0 29.99±1.2 48.53±4 50.21±6 54.08±6 62.81±9 
BCH5 13.92±1.1 28.88±1.7 29.32±1.2 29.99±2.5 30.64±2.5 36.77±3 
BCH6 24.53±2.1 29.54±1.1 43.95±4.7 64.72±7 91.45±10 116.16±12 
BCH7 28.00±2.4 36.61±3.2 45.11±3.6 80.08±9 81.56±9 110.06±13 
BC1 27.53±2.1 45.11±4 51.88±5 54.26±6 62.81±7 73.25±4.5 
BC2 20.88±1.9 28.43±1.9 42.97±5 43.72±4 45.30±5 60.53± 4.1 
BC3 17.80±1.1 20.38±1.1 21.78±2 24.05±2.2 27.53±2.5 32.16±2.1 
BC4 27.30±1.5 39.61±1.3 40.61±5 44.53 ±4 52.80±4.5 55.53±5 
BC5 9.90±0.50 15.10±1.0 20.80±2 32.40±3 36.77± 2.3 37.18±3.1 
BC6 07.47±0.1 09.60±0.2 26.39±2.5 27.08±2.5 32.59±2.2 48.71±2.1 
BC7 09.90±0.05 14.78±0.25 26.39±1.9 27.08±3 32.59±2.5 48.71±4.1 
BC8 13.03±1.5 20.13±1.15 27.08±2.5 28.66 ± 3 44.33±3.2 49.00±3.1 
BC9 9.9±0.08 16.90±0.7 20.39±2.2 24.50±3 30.90±2.4 45.65±3.2 
BC10 10.10±0.5 18.90±1.9 25.39±3.5 28.10±3 34.80±2.8 47.50±4.5 
BC11 10.62±0.8 19.90±1.9 27.39±2.4 29.0±4 35.40±3.3 49.90±3.9 
*NRRL-B-14596 
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Figure 14. Tryptophan dependent production of indole acetic acid (IAA) by 
selected Bacillus   isolates. 
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Figure 15. Indole acetic acid (IAA) production by Bacillus isolates at 500 µg ml-1 of 
tryptophan concentration. Data are the average of three experiments and were 
analyzed using Duncan’s multiple range test (P ≤ 0.05). Letter ‘a’ indicates the 
highest value, and ‘y’ the lowest value. The same letters within a column indicate 
no significant differences exist between the numbers. 
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Further, nitrogen fixers (Azotobacter sp. and Klebsiella sp.) were also found to produce 
substantial amount of IAA in the presence of different concentration of tryptophan (table 
6). Isolate KP5 produced maximum amount of IAA (153.65 µg ml-1) followed by KP2, 
KP6 and others at 500 µg ml-1 of tryptophan as depicted in figure 16. It is also observed 
that at 500 µg ml-1 of tryptophan concentration all the isolates produced IAA above 100 
µg ml-1 except AZCH3 (96.35 µg ml-1) as shown in figure 17. 
 
Table 6. Tryptophan dependent production of indole acetic acid (IAA) by nitrogen fixers. 
Isolate 
designation 
IAA production (µg ml-1±SD) IAA production  
0 50 100 200 400 500 
Control* 11.20±1.10 21.15±1.90 32.10±2.20 45.49±4 59.25±5 81.10±7 
AZCH1 13.03±1.2 21.61±1.9 37.56±2.5 55.65±6 77.39±8 107.61±11 
AZCH2 11.33±1.1 19.54±1.7 34.71±3.2 54.39±4.8 74.60±8 104.71±10 
AZCH3 10.23±1 17.37±1.4 31.45±3 49.55±4.5 62.53±5 96.35±9 
AZCH4 15.34±1.8 28.70±3.2 41.98±4.5 62.51±5.5 87.52±9 102.60±11 
AZCH5 7.09±0.5 24.42±2.5 45.77±4.7 57.49±6 78.48±8 106.39±10 
AZCH6 18.34±1.8 39.59±3.2 64.46±5.5 88.63±9 98.67±10 121.46±13 
AZCH7 15.06±1.9 28.52±2.2 41.74±3.7 56.49±4.5 80.52±7 110.55±12 
AZCH8 11.19±1.3 24.77±2.2 32.80±2.8 65.64±7 91.56±8 103.67±12 
AZCH9 14.90±1.2 24.87±2.5 37.41±4 68.38±7 84.60±8 116.44±10 
AZCH10 13.65±1.1 31.60±2.7 55.68±6 74.37±8 86.52±9 118.58±12 
AZCH11 10.56±1.3 35.62±3.6 59.52±6 79.63±9 94.61±10 108.52±8 
AZCH12 9.21±1.2 38.72±4 52.65±6 74.72±6 92.62±10 116.58±11 
KP2 21.59±1.1 52.78±4.8 60.63±7 77.48±8 103.49±10 129.36±13 
KP3 14.66±1.4 50.74±6 67.61±8 80.63±9 100.71±11 114.43±10 
KP4 27.72±1.4 49.37±5 61.70±5 81.74±9 96.77±9 111.40±9 
KP5 29.54±1.6 54.71±6 65.43±7 90.56±8 121.74±11 153.65±14 
KP6 23.76±2.2 50.77±6 71.74±9 97.56±10 101.55±10 122.57±11 
KP7 19.64±1.6 31.66±2.8 62.80±7 78.55±8 101.68±9 118.34±10 
KP12 14.80±1.7 27.57±2.4 40.67±3 65.47±7 84.44±7 107.39±10 
KP15 13.88±1.8 32.78±3.1 53.43±6 79.60±8 98.49±8 110.43±10 
*NRRL-B-14641, AZCH-Azotobacter isolates,  KP-Klebsiella isolates 
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Figure 16. Tryptophan dependent production of indole acetic acid (IAA) by 
selected nitrogen fixer isolates. (AZCH-Azotobacter isolates, KP-
Klebsiella isolates). 
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Figure 17. Indole acetic acid (IAA) production by nitrogen fixers isolates at 500 µg ml-1 
of tryptophan concentration. Data are the average of three experiments and were 
analyzed using Duncan’s multiple range test (P ≤ 0.05). Letter ‘a’ indicates the 
highest value, and ‘u’ the lowest value. The mean values in columns followed by 
a different letters are significantly different. 
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 4.4.2. Phosphate Solubilization 
Solubilization of tricalcium phosphate by all test bacteria was tested on Pikovskaya's agar 
plate after seven days in terms of zone of solubilization as shown in figure 18. Among the 
40 Pseudomonas isolates 75% were found positive for phosphate solubilization, in which 
two isolates DCP2 and MW4 produces the maximum zone of phosphate solubilization 
(28.9 and 27 mm respectively) followed by other isolates. The details of individual 
isolates and their zone of solubilization are given in annexure-8. 
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Figure 18. Phosphate solubilization by Pseudomonas isolates on pikovskaya agar plate.  
 Error bars represent SD. Inset phosphate solubilzation zone on pikovskaya agar 
 plate. 
 
Further, quantitative estimation of phosphate solubilization by Pseudomonas was assayed 
in liquid Pikovskaya's medium containing 5 g l-1 tricalcium phosphate. It was observed 
that out of 30 isolates 16 (53.3%) solubilized maximum phosphate on day 7th , whereas 
other 14 (46.6%) isolates solubilized maximum phosphate on day 5th  (table 7) in which 
isolate MW4, MW11 and MW2 solubilized 576.18, 475.74 and 445.47 µg ml-1 of 
 84
phosphate respectively. Whereas, isolate (DCP2) solubilized maximum phosphate 
(596.51 µg ml-1) at day 7th followed by MW8 (557.43 µg ml-1) as shown in table 7 and 
figure 19.  The amount of phosphate solubilized on further incubation up to 11 days 
showed in general a decreasing trend by all isolates (figure 20). Based on quantitative 
estimation isolates DCP2, DCP8, MW4, and MW8 were identified as best phosphate 
solubilizers. 
 
 Table 7. Quantitative estimation of phosphate solubilization at different time intervals by 
 Pseudomonas  isolates. 
Isolate 
designation 
Phosphate solubilization (µg ml-1 ±SD) 
Days of incubation 
3rd 5th 7th 11th 
Control* 185.32±18 202.38±20 198.00±18 149.50±14 
DCP1 10.07±1 19.01±2 96.82±9 40.45±4 
DCP2 158.51±15 396.51±34 596.51±47 323.86±30 
DCP3 153.51±5 348.20±32 312.99±20 281.02±25 
DCP4 112.24±9 340.65±30 302.35±21 210.07±18 
DCP5 110.07±1 248.31±4 439.53±40 312.86±29 
DCP6 90.07±9 159.01±12 196.51±18 140.45±12 
DCP7 178.31±18 382.52±34 321.86±30 278.86±25 
DCP8 210.07±20 508.31±48 539.53±48 302.86±28 
DCP9 256.51±24 401.31±39 398.86±28 253.51±24 
DCP10 121.02±10 253.51±23 348.20±32 273.99±24 
DCP11 125.91±12 398.31±38 436.44±40 380.86±27 
DCP12 295.24±28 440.65±42 412.35±39 389.07±37 
MW1 110.74 ± 12 180.79 ± 17 268.55 ± 24 240.90 ± 23 
MW2 198.55 ± 9 445.47 ± 42 383.31 ± 10 284.31 ± 25 
MW3 134.55 ± 12 332.59 ± 32 258.10 ± 24 208.31 ± 24 
MW4 296.51 ± 26 576.18 ± 50 526.46 ± 50 509.95 ± 48 
MW5 187.60 ± 17 310.90 ± 30 487.73 ± 39 315.56 ± 30 
MW6 177.60 ± 16 336.20 ± 30 536.01 ± 52 484.42 ± 45 
MW7 115.51 ± 10 196.83 ± 18 150.91 ± 14 105.27 ± 7 
MW8 350.07 ± 32 456.25 ± 40 557.43 ± 52 504.42 ± 18 
MW9 196.90 ± 18 426.76 ± 40 383.57 ± 37 284.31 ± 24 
MW11 340.90 ± 32 475.74 ± 45 348.31 ± 35 277.60 ± 26 
PQ1 188.70±17 331.06±32 392.58±32 298.58±28 
PQ2 181.70±18 321.06±32 386.67±35 286.67±28 
PQ3 195.20±18 315.35±30 368.52±33 278.90±26 
WS1 254.24±24 412.60±40 390.90±37 281.65±28 
WS2 258.76±22 401.09±40 374.09±38 208.69±19 
WS3 267.80±20 398.64±30 367.20±35 267.72±20 
PB2 57.23±5 98.31±8 129.06±11 90.50±8 
PB5 39.03±4 81.12±8 118.06±10 89.75±8 
           *MTCC-1749             
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 Figure 19. Quantitative estimation of phosphate solubilization at different time intervals  
      by selected Pseudomonas isolates. 
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Figure 20. Quantitative estimation of phosphate solubilization at 11th day by 
Pseudomonas isolates. Data are the average of three experiments and were 
analyzed using Duncan’s multiple range test (P ≤ 0.05). Letter ‘a’ indicates the 
highest value, and ‘z’ the lowest value. The same letters within a column indicate 
no significant differences exist between the numbers. 
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Further, Bacillus isolates when assayed for their phosphate solubilizing ability on 
Pikovskaya's agar medium, it was revealed that out of 25 isolates, 20 (80%) were able to 
solubilize phosphate. Among the 20 isolates, the maximum zone of phosphate 
solubilization was produced by BCH4 (14 mm), BD4, BCH3, BCH5 and  BCH7 (12 mm 
each) followed by others as shown in figure 21. Moreover, phosphate solubilization in 
broth medium was estimated at different time intervals up to 11th day of incubation. 
Fifteen isolates solubilized the highest amount of phosphate at day 7th and other five 
isolates at day 5th (table 8). Among these, the maximum amount of phosphate was 
solubilised by isolate BCH4 (300.86 µg ml-1) at day 7th followed by BCH7, and BD1 
(figure 22). These isolates demonstrated the phosphate solubilization activity till 11th day 
after inoculation as depicted in figure 23. However, the total amount of phosphate 
solubilized decreased on 11th day of incubation. Moreover, the level of phosphate 
solubilization among Bacillus isolates was relatively low compared to Pseudomonas 
isolates irrespective of incubation time. 
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    Figure 21. Phosphate solubilization by Bacillus isolates on Pikovskayas agar plate.  
  Error bars represent SD. 
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Table  8. Quantitative estimation of phosphate solubilization at different time intervals 
by Bacillus isolates. 
Isolate 
designation 
Phosphate solubilization (µg ml-1 ±SD) 
Days of incubation 
3rd 5th 7th 11th 
Control* 52.20±5 96.58±9 38.28±4 30.28±3 
BD1 159.35±15 181.30±18 223.86±10 190.25±18 
BD3 96.58±6 161.82±11 202.86±7 163.12±15 
BD4 80.25±4 130.90±12 212.35±11 198.25±18 
BD5 43.50±3 80.65±7 153.99±9 115.60±10 
BD6 49.60±4 74.53±6 94.45±4 79.50±7 
BD7 64.38±5 89.45±8 101.86± 9 90.25±8 
BCH1 65.10±5 72.60±7 92.86±8 90.68±8 
BCH2 175.65±15 190.25±18 248.86±12 205.25±19 
BCH3 88.85±9 171.61±15 203.99±11 180.55±13 
BCH4 142.76±10 189.60±13 300.86±15 192.86±18 
BCH5 102.86±11 148.77±11 222.35±14 179.20±16 
BCH6 88.01±7 155.30±14 198.86±10 167.48±12 
BCH7 108.95±9 238.80±18 294.86±12 245.76±22 
BC1 95.54 ± 8 128.30 ± 11 105.65 ± 9 87.65 ± 9 
BC2 89.60 ± 6 135.44 ± 12 100.31 ± 10 70.11 ± 6 
BC3 45.10 ± 4 78.45 ± 7 111.23± 12 89.22 ± 9 
BC4 80.95 ± 9 99.18 ± 11 66.46 ± 5 43.44±4 
BC7 90.50±9 110.50±10 85.60±8 51.29±6 
BC8 46.51 ± 3 88.60±8 105.20±10 92.10±9 
BC11 75.90±7 99.45±8 78.80±8 49.80 ± 3 
                 *NRRL-B-14596 
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 Figure 22. Quantitative estimation of phosphate solubilization at different time intervals  
         by selected Bacillus isolates. 
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Figure 23. Quantitative estimation of phosphate solubilization at 11th day by Bacillus 
isolates. Data are the average of three experiments and were analyzed using 
Duncan’s multiple range test (P ≤ 0.05). Letter ‘a’ indicates the highest value, and 
‘u’ the lowest value. The mean values in columns followed by a different letters 
are significantly different. 
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Similarly the nitrogen fixer isolates (Azotobacter sp. and Klebsiella sp.) were also 
assayed for their phosphate solubilization potential in plate. Out of 20 isolates 14 (70%) 
were found positive for phosphate solubilization. Among the 14 isolates, AZCH6 was 
able to produce the maximum zone of phosphate solubilization (25 mm) compared to 
others (figure 24). Further these isolates when evaluated for phosphate solubilization in 
broth under different time period solubilized varied amount of phosphate. Out of 14, the 
majority of isolates solubilized maximum phosphate at day 7th, whereas only one isolate 
(KP6) solubilised highest amount of phosphate at day 5th as shown in table 9. The 
maximum amount of phosphate was solubilized by isolate AZCH6 (488.13 µg ml-1) at 
day 7th (figure 25). The 11th day phosphate solubilization was found significant among all 
the test isolates which varied from 30.25 -392.55 µg ml-1 as depicted in figure 26. Among 
all the nitrogen fixers the maximum phosphate was solubilized by Azotobacter isolates 
(AZCH6, AZCH8, AZCH7 and AZCH2) compared to Klebsiella isolates. 
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Figure 24. Phosphate solubilization by nitrogen fixers on pikovskaya agar plate.  
               Error bars represent SD.  (AZCH-Azotobacter isolates, KP-Klebsiella isolates). 
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  Table 9. Quantitative estimation of phosphate solubilized at different time intervals by 
nitrogen fixers. 
Isolate 
designation 
Phosphate solubilization (µg ml-1±SD) 
Days of incubation 
3rd 5th 7th  11th 
Control* ND ND ND ND 
AZCH1 109.12 ± 10 280.98 ± 16 380.45 ± 30 268.76 ± 22 
AZCH2 201.23 ± 20 291.23 ± 28 461.50 ± 36 388.88 ± 35 
AZCH3 159.08 ± 15 285.60 ± 27 358.57 ± 33 279.23 ± 25 
AZCH4 196.09 ± 18 267.34 ± 24 302.34 ± 29 280.65 ± 26 
AZCH5 188.90 ± 19 245.78 ± 24 352.63 ± 31 266.12 ± 25 
AZCH6 174.38  ± 15 280.56 ± 20 488.13 ± 38 392.55 ± 27 
AZCH7 190.23 ± 19 371.23 ± 35 447.53 ± 37 366.74 ± 36 
AZCH8 184.34 ± 15 276.45 ± 26 487.60 ± 40 391.33 ± 37 
AZCH9 198.67 ± 19 365.32 ± 35 452.53 ± 42 371.31 ± 35 
AZCH11 102.56 ± 9 178.87 ± 15 268.63 ± 22 224.36 ± 22 
AZCH12 109.67 ± 8 169.89 ± 16 235.69 ± 20 204.90 ± 20 
KP3 43.40±3 55.60±5 85.58±5 60.25±5 
KP5 50.14±4 78.01±6 128.08±11 90.60±8 
KP6 45.80±3 78.35±6 48.50±3 30.25±3 
         *NRRL-B-14641, ND-Not detected, AZCH-Azotobacter isolates, KP-Klebsiella isolates. 
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 Figure 25. Quantitative estimation of phosphate solubilized at different time intervals by 
        selected nitrogen fixers (AZCH-Azotobacter isolates, KP-Klebsiella isolates). 
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Figure 26. Quantitative estimation of phosphate solubilization at 11th day by nitrogen 
fixers. Data are the average of three experiments and were analyzed using 
Duncan’s multiple range test (P ≤ 0.05). Letter ‘a’ indicates the highest value, and 
‘n’ the lowest value. The mean values in columns followed by a different letters 
are significantly different. 
 
4.4.3. Siderophore production 
Siderophore production was tested for all the isolates on CAS agar plates (annexure-9). 
The siderophore production was considered positive by the formation of orange-yellow 
halo on CAS agar medium as shown in figure 27. Among Pseudomonas out of 40, 37 
(92.5%) were found positive for siderophore production, in which isolate MW4  and 
DCP2 produced maximum halo of 21  and 19.2  mm respectively followed by DCP11, 
DCP12, MW3 and MW10 as depicted in figure 27. Further the siderophore production 
was quantified in broth medium (figure 28). Pseudomonas isolates produced salicylate 
type of siderophores in the range of 10.15 to 24.21 µg ml-1 , whereas, benzoates types of 
siderophore varied from 5.41 to 17.09 µg ml-1  (table 10). The highest amount of 
salicylate and benzoate type of siderophores was detected in isolate DCP9 (24.21 µg ml-
 92
1) and MW3 (16.19 µg ml-1) respectively. However, the level of benzoate type of 
siderophore is relatively low compared to salicylate type among all the isolates. 
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Figure 27. Detection of siderophore on CAS agar medium by Pseudomonas isolates. 
Error bars represent SD. Inset orange halo on CAS agar plates as a result of 
siderophore production. 
 
Table  10. Quantification of siderophore produced by different groups of rhizobacteria. 
Siderophore production(µg ml-1±SD) 
Pseudomonas spp. Bacillus spp. Nitrogen fixers 
Isolate 
designation 
Salicylic acid 2,3-DHBA Isolate 
designation 
Salicylic acid 2,3-DHBA Isolate 
designation 
Salicylic acid 2,3-DHBA 
Control * 12.57±0.30 7.85±0.30 Control ** 1.20±0.01 0.57±0.30 Control *** 09.20±0.87 3.45±0.03 
DCP1 18.38±1.05 8.09±1.0 BD1 4.45±0.36 1.67±0.21 AZCH1 10.40 ± 0.87 4.07 ± 0.05 
DCP2 21.54±1.06 8.88±.33 BD3 4.63±0.21 2.75±0.25 AZCH2 16.41 ± 1.01 5.23 ± 0.03 
DCP3 21.91±0.79 10.48±.15 BD4 4.51±0.25 1.85±0.26 AZCH3 13.31 ± 1.10 5.74 ± 0.04 
DCP4 16.34±1.08 11.09±0.98 BD5 2.67±0.35 ND AZCH4 15.44 ± 0.83 7.88 ± 0.06 
DCP5 14.05±1.28 11.32±0.82 BD6 1.79±0.25 ND AZCH5 13.51 ± 0.92 4.89 ± 0.02 
DCP6 17.34±0.88 9.11±0.78 BD7 0.24±0.10 ND AZCH6 21.84 ± 1.05 12.64 ± 0.97 
DCP7 22.43±1.06 10.91±0.67 BCH1 6.20±0.40 3.19±0.30 AZCH7 17.63 ± 1.15 8.23 ± 0.06 
DCP8 22.88±1.01 10.87±0.65 BCH2 1.96±0.21 ND AZCH8 18.63 ± 1.14 8.88 ± 0.12 
DCP9 24.21±1.14 13.17±0.98 BCH3 4.51±0.20 2.92±0.30 AZCH9 15.52 ± 1.01 7.69 ± 0.16 
DCP10 22.88±0.88 11.60±0.88 BCH4 32.40±1.29 6.63±0.26 AZCH11 14.46 ± 0.84 6.72 ± 0.11 
DCP11 21.91±1.05 10.48±1.0 BCH5 3.62±0.23 2.57±0.15 AZCH12 12.54 ± 0.96 9.58 ± 1.15 
DCP12 21.23±1.02 11.67±0.45 BCH6 2.67±0.30 0.63±0.09 KP2 14.79 ± .35 6.02 ± 0.18 
MW1 18.58 ± 0.5 13.28 ± 0.9 BCH7 30.85±0.19 7.75±0.10 KP3 13.02 ± 0.23 8.68 ± 0.31 
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MW2 18.52 ± 0.4 15.46 ± 0.7 BC1 32.72±0.06 3.63±0.01 KP4 17.51 ± 0.33 12.46 ± 0.27 
MW3 17.49 ± 1.0 16.19 ± 1.7 BC2 28.19±1.20 2.31±0.04 KP5 33.60 ± 0.19 16.63 ± 0.23 
MW4 15.38 ± 1.1 10.29 ± 0.1 BC3 15.18±1.10 0.47±0.01 KP6 11.74 ± 0.37 7.02 ± 0.45 
MW5 19.10 ± 1.4 11.97 ± 0.6 BC4 10.82±0.90 0.61±0.02 KP7 13.04 ± 0.11 8.56 ± 0.55 
MW6 17.30 ± 1.2 12.69 ± 0.6 BC5 2.84±0.01 0.42±0.01 KP12 24.66 ± 0.22 10.72 ± 0.32 
MW7 18.76 ± 1.1 11.59 ± 1.2 BC6 5.23±0.04 1.39±0.04 KP15 15.50 ± 0.33 8.09 ± 0.15 
MW8 19.40 ± 0.9 10.28 ± 1.0 BC7 10.85±0.80 3.20±0.03    
MW9 18.56 ± 2.4 15.56 ± 1.2 BC8 4.15±0.20 3.19±0.02    
MW10 15.80 ± 1.0 12.01 ± 0.9 BC9 3.91±0.10 1.94±0.07    
MW11 17.89 ± 1.0 9.62  ± 0.4 BC10 31.68±2.10 9.92±0.10    
MW12 17.79 ± 1.1 12.40 ± 1.0 BC11 4.03±0.05 2.12±0.02    
PQ1 15.18±.120 6.99±0.5       
PQ2 13.34±1.25 8.22±0.7       
PQ3 11.21±1.10 5.41±0.6       
CPS1 19.20±1.50 17.09±1.0       
CPS2 21.11±2.10 16.72±1.10       
WS1 16.41±1.10 11.71±1.0       
WS2 15.65±1.50 9.03±0.5       
WS3 13.22±1.09 5.67±0.4       
BJ1 16.41±1.0 12.83±1.0       
BJ2 14.13±1.30 8.76±0.7       
PB1 11.20±1.10 8.8±0.6       
PB2 10.15±1.10 7.5±0.8       
PB4 12.25±1.20 6.5±0.2       
 *MTCC-1749, ** NRRL-B-14596, ***NRRL-B-14641, 2,3-DHBA-2, 3-dihydroxybenzoic acid, AZCH-Azotobacter isolates,  
 KP-Klebsiella isolates. 
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Figure 28. Quantification of catechol types of siderophores (a-salicylic acid, b-2, 3-
 dihydroxybenzoic acid) produced by selected Pseudomonas isolates. Error bars 
 represent SD. 
Among Bacillus isolates, 24 (96%) were positive for siderophore production on CAS gar 
medium, in which isolate BCH4 produces maximum halo of 15.5 mm followed by BC1 
and BCH7 as shown in figure 29. The quantitative estimation of siderophore, among the 
24 isolates showed the production of different amount of siderophore, which varied from 
0.24 to 32.72 µg ml-1 for salicylate type and 0.42 to 9.92 µg ml-1  for benzoates types of 
siderophore (table 10). The level of salicylate type of siderophore production was 
maximum in BC1 (32.72 µg ml-1) as depicted in figure 30. Whereas the isolates BC10, 
BCH7, BCH4 produced 9.92, 7.75 and 6.63 µg ml-1 of benzoate type of siderophore 
respectively (table 10).  
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   Figure 29. Detection of siderophore on CAS agar medium by Bacillus isolates. Error 
 bars represent SD. 
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 Figure 30. Quantification of catechol type of siderophores (a-salicylic acid, b-2, 3-
 dihydroxybenzoic acid) by selected Bacillus isolates. Error  bars represent SD. 
Similarly, among 20 nitrogen fixers (Azotobacter sp. and Klebsiella sp.), 19 (95%) 
isolates were positive for siderophore production, where isolate AZCH6 gives maximum 
zone  of 19.5 mm followed by AZCH8, AZCH7, AZCH11 and AZCH9 as shown in 
figure 31. When these isolates evaluated for quantitative siderophore production the 
amount produced varied from 10.40 to 33.60 µg ml-1 for salicylate type and 4.07 to 16.63 
µg ml-1 for benzoates types (table 10). Among nitrogen fixers isolate KP5 produced 
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maximum amount of both types of siderophore (figure 32). Moreover, the level of 
siderophore production among nitrogen fixers is relatively high compared to Bacillus 
isolates. 
                          IsolatesN
RR
L-B
-14
64
1
AZ
-C
H1
AZ
-C
H2
AZ
-C
H3
AZ
-C
H4
AZ
-C
H5
AZ
-C
H6
AZ
-C
H7
AZ
-C
H8
AZ
-C
H9
AZ
-C
H1
1
AZ
-C
H1
2
KP
2
KP
3
KP
4
KP
5
KP
6
KP
7
Kp
12
KP
15
Zo
ne
 si
ze
 (m
m
)
0
5
10
15
20
25
 
 Figure 31. Detection of siderophore on CAS agar medium by nitrogen fixers. Error bars 
 represent SD. 
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Figure 32. Quantification of catechol type of siderophores (a-salicylic acid, b-2, 3-
 dihydroxybenzoic acid) produced by nitrogen fixers. AZCH-Azotobacter isolates, 
 KP-Klebsiella isolates. Error bars represent SD. 
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4.4.4. Exopolysacchrides production 
Exopolysaccharides production was estimated for test isolates and it was found that all 
the rhizobacterial isolates produced substantial amount of exopolysaccharides (annexure-
10). Among Pseudomonas isolates the amount of exopolysaccharides produced varied 
from 0.45 to 3.01 g l-1, where maximum exopolysaccharides production was recorded in 
MW4 (3.01 g l-1), MW8 (2.71 g l-1), DCP2 (2.66 g l-1) and  MW12 (2.41 g l-1) and least 
amount in BJ3 (0.45 g l-1) as shown in figure 33. Similarly, Bacillus isolates also 
produced varied level (0.77 to 3.72 g l-1) of exopolysaccharides. Bacillus isolate BCH4 
produced maximum amount (3.72 g l-1), followed by BCH6, BCH7, BCH5 and lowest by 
BD5 (0.77 g l-1) as shown in figure 34. A similar result for exopolysaccharides 
production was also observed among nitrogen fixers (Azotobacter sp. and Klebsiella sp.). 
Where the maximum level of exopolysaccharides production was recorded in KP5 (2.96 
g l-1), KP2 (2.44 g l-1), KP15 (2.43 g l-1) and KP6 (1.85 g l-1) as depicted in figure 35. 
Moreover, majority of nitrogen fixers produced exopolysaccharides above 1.0 g l-1 
compared to Pseudomonas and Bacillus isolates. 
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Figure 33. Exopolysaccharides production by Pseudomonas isolates. Error bars represent 
 SD. 
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 Figure 34. Exopolysaccharides production by Bacillus isolates. Error bars represent  
 SD. 
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Figure 35. Exopolysaccharides production by nitrogen fixers. Error bars represent SD. 
AZCH-Azotobacter  isolates, KP-Klebsiella isolates. 
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4.4.5. Biocontrol activity of rhizobacterial isolates  
Antifungal activity of isolates belonging to Pseudomonas, Bacillus and nitrogen fixers 
(Azotobacter sp.  and Klebsiella sp.) was determined against five phytopathogenic fungi 
(Aspergillus niger, Fusarium oxysporum, Fusarium solani, Fusarium ciceri, and 
Alternaria alternata) as shown in annexure-11. It was found that maximum isolates 
(27%) inhibit the growth of Fusarium oxysporum as depicted in figure 37. Further 14.1, 
15.2, 14.1 and 3.5% isolates inhibited the growth of Aspergillus niger, Fusarium solani, 
Fusarium ciceri and Alternaria alternata respectively (figures 36, 38, 39, 40). 
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Figure 36. Antifungal activity of test isolates against Aspergillus niger. Error bars 
 represent SD. 
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Figure 37. Antifungal activity of test isolates against Fusarium oxysporum. Error bars 
 represent SD. 
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Figure 38. Antifungal activity of test isolates against Fusarium solani. Error bars 
represent  SD. 
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Figure 39. Antifungal activity of test isolates against Fusarium ciceri. Error bars 
represent SD. 
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        Figure 40. Antifungal activity of test isolates against Alernaria alternata. Error bars 
 represent SD. 
4.4.6. Plant growth promoting based typing of rhizobacterial isolates  
Based on the presence of one or more plant growth promoting activities in different 
combinations among test rhizobacteria, they were grouped into PGP types. Forty 
Pseudomonas isolates were grouped into 13 PGP types. Most common PGP types are 
type I, II, which contain 22.5 and 15% isolates respectively. While type III, IV, and V 
constitute 10% isolates each. Other groups have less than 10% isolates. Most of the PGP 
types contain isolates which exhibited multiple PGP traits. Although the combinations of 
activities are varied as presented in table 11 and figure 41. Similarly, the Bacillus isolates 
were grouped into nine PGP types. Isolates with most promising multiple PGP traits were 
found in PGP type I, II, III, IV and V. Whereas, other PGP types contains at least three 
PGP traits (table 12 and figure 42). Further the nitrogen fixers were also categorized into 
nine PGP types. Type I with 25% isolates, followed by type II and III with 20% isolates 
each. Other types contain less than 10% isolates with multiple PGP traits as shown in 
table 13 and figure 43. 
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Table 11. Plant growth promoting (PGP) activity based typing of Pseudomonas isolates 
and their incidence. 
 
 
 
            
              Figure 41. Plant growth promoting (PGP) types of Pseudomonas isolates. 
 
 
1 2 3 4 5
6
7
8
910
11
12
13
I,P,S,N,H,E,A I,P,S,N,E,A,Af I,P,S,N,H,E,A,Af
I,P,S,N,E,A I,S,N,E,A I,P,S,N,E
I,P,S,N,H,E,Af I,S,N,E I,S,N,H,,E,A
I,P,N,H,E,A I,N,H,E,A I,S,H,E,A
I,E,A
PGP types Incidence of PGP activity 
PGP 
type 
Isolate 
designation 
No. of 
isolates 
Activity profile PGP 
activities 
Total number  
of isolates (%) 
I DCP4,DCP7, 
DCP8,DCP11, 
DCP12,MW2, 
MW5,MW7, 
MW8 
9 (22.5) I,P,S,N,H,E,A I 40 (100) 
II DCP10, MW1, 
MW9, MW11, 
WS1,WS2, 
6 (15) I,P,S,N,E,A,Af P 29 (72.5) 
III DCP2,DCP6, 
MW3,MW4 
4 (10) I,P,S,N,H,E,A,Af S 37 (92.5) 
IV DCP9,MW6, 
PQ1,PQ2 
4 (10) I,P,S,N,E,A N 38 (95) 
V MW10, BJ1, 
BJ2, BJ2 
4 (10) I,S,N,E,A H 20 (50) 
VI DCP3,PQ3, 
PB2 
3 (7.5) I,P,S,N,E E 40 (100) 
VII DCP5,DCP1 2 (5) I,P, S, N, H, E, Af A 33 (82.5) 
VIII MW12,WS3 2 (5) I,S,N,E Af 12 (30) 
IX CP1,CP2 2 (5) I,S,N,H,E,A   
X PB5 1 (2.5) I,P,N,H,E,A   
XI CPS3 1 (2.5) I,N,H,E,A   
XII PB1 1 (2.5) I,S,H,E,A   
XIII BJ3 1 (2.5) I,E,A   
Total number of isolates  40   
I-IAA production, P-phosphate solubilization, S-siderophore production, N –Ammonia production, H-HCN production,  
E-Exopolysaccharides, A-ACC deaminase, Af-antifungal activity.  
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    Table 12. Plant growth promoting (PGP) activity based typing of Bacillus isolates and 
their incidence. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                  Figure 42. Plant growth promoting (PGP) types of Bacillus isolates. 
 
 
 
 
 
1 2 3
4
5
6
7
8
9
I,P,S,N,H,E,A I,P,S,N,E,A I,P,S,N,H,E
I,P,S,N,H,E,A,Af I,P,S,N,E,A,Af I,S,N,E,A
I,S,N,E I,P,N,E I,N,E
PGP types Incidence of PGP activity 
PGP 
type 
Isolate 
designation 
No. of 
isolates 
Activity profile PGP 
activities 
Total number 
of isolates (%) 
I BD3,BD5,BD6 
BCH1,BCH5, 
BC2,BC8 
7 (28) I,P,S,N,H,E,A I 25 (100) 
II BD4,BD7, 
BCH2,BCH3, 
BCH7,BC11 
6 (24) I,P,S,N,E,A P 20 (80) 
III BCH6,BC7, 
BC4 
3 (12) I,P,S,N,H,E S 24 (96) 
IV BC1,BCH4 2 (8) I,P,S,N,H,E,A,Af N 24 (96) 
V BD1 1 (4) I,P,S,N,E,A,Af H 12 (48) 
VI BC9, BC5 2 (8) I,S,N,E,A E 25 (100) 
VII BC10,BC6, 2 (8) I,S,N,E A 18 (72) 
VIII BC3 1 (4) I,P,N,E Af 3 (12) 
IX BD2 1 (4) I,N,E   
Total number of isolates  25   
I-IAA production, P-phosphate solubilization, S-siderophore production, N –Ammonia production, H-HCN 
production, E--exopolysaccharides, A-ACC deaminase, Af-antifungal activity. 
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Table 13.  Plant growth promoting (PGP) activity based typing of nitrogen fixers and 
their incidence. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     
 
 
 
                  Figure 43. Plant growth promoting (PGP) types of nitrogen fixers. 
 
4.5. Effect of test rhizobacterial isolates on seed germination and seedling growth 
1 2 3
4
5
6
7
8
9
I, P, S, N, H, E, A I, P, S, N, H, E, A, Af I, S, N, E, A,
I, P, S, N, E, A, Af I,P,S,N,E,A I,P,S,E,A
I,P,S,E I,S,N,E I,N,H,E,A
PGP types Incidence of PGP activity 
PGP 
type 
Isolate 
designation 
No. of 
isolates 
Activity profile PGP 
activities 
Total number of 
isolates (%) 
I AZCH3,AZCH5, 
AZCH7, ZCH8, 
KP6 
5 (25) I, P, S, N, H, E, A I 20 (100) 
II AZCH1,AZCH6,  
KP3, KP5 
4 (20) I, P, S, N, H, E, A, Af P 14 (70) 
III KP2, KP4, 
KP12, KP15 
4 (20) I, S, N, E, A, S 19 (95) 
IV AZCH11, 
AZCH12 
2 (10) I, P, S, N, E, A, Af N 18 (90) 
V AZCH9 1 (5) I,P,S,N,E,A H 10 (50) 
VI AZCH4 1 (5) I,P,S,E,A E 20 (100) 
VII AZCH2 1 (5) I,P,S,E A 18 (90) 
VIII KP7 1 (5) I,S,N,E Af 6 (30) 
IX AZCH10 1 (5) I,N,H,E,A   
Total number of isolates  20   
I-IAA production, P-phosphate solubilization, S-siderophore production, N –Ammonia production, H-HCN production, 
 E-exopolysaccharides, A-ACC deaminase, Af-antifungal activity. AZCH- Azotobacter sp., KP- Klebsiella sp. 
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Effect of test bacterial isolates treatment on seed germination and seedling growth of 
Triticum aestivum (var. PBW-343) and Cicer arietinum (var. Avrodhi) was estimated 
after seven days. The test rhizobacterial isolates were categorised into two groups both 
for wheat and chickpea based on percent seed germination, root and shoot length. In case 
of wheat group I consist of 55, 44, 50 and 37.5% isolates of Pseudomonas, Bacillus, 
Azotobacter and Klebsiella respectively which increased the seed germination up to 
15.7%, root length (28.7%) and shoot length (26.3%) over uninoculated control (table 
14). The group II comprises 18, 14, 6 and 5% isolates of Pseudomonas, Bacillus, 
Azotobacter and Klebsiella respectively, which enhanced the seed germination, root and 
shoot length up to 25, 74.1 and 78.9% respectively compared to control. It was observed 
that group II contains the most efficient isolates that considerably increases the seed 
germination, root and shoot length. Further, none of the isolates were found to adversely 
affect the seed germination and growth of wheat seedling. Similar pattern was also 
observed for chickpea (table 15). Group I isolates increases seed germination from 7.1 to 
17.1 %, root and shoot length from 10.3-41.3% and 15.1-45.4% respectively. Group II 
isolates also observed to increase the seed germination, root and shoot length 
substantially more compared to uninoculated control. 
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Table 14. Effect of test bacterial inoculation on seed germination and seedling growth of wheat. 
 
Group Isolates of bacterial groups Effect of inoculation on seedling growth (cm) 
Pseudomonas 
spp. (40)* 
Bacillus spp. 
(25) 
Azotobacter sp. 
(12) 
Klebsiella 
sp. (08) 
Seed 
germination 
(%) 
Root length Shoot length 
I DCP4,DCP7, 
MW3,MW5, 
MW6,MW8, 
MW10,MW12, 
PQ1,PQ2,PQ3, 
CPS1,CPS2, 
CPS3, WS3, 
BJ1, BJ2, BJ3, 
PB1,PB2,PB4, 
PB5 
BD2,BD5, 
BD6, BD4, 
BD7,  BC5, 
BC6, BC9, 
BC10, BC8, 
BC11 
AZCH3, 
AZCH4, 
AZCH5, 
AZCH10 
AZCH11, 
AZCH12 
KP4,KP7, 
KP12 
77.0-88.0 
(1.3-15.7%) 
3.2-3.99 
(3.2-28.7%) 
3.9-4.8 
(2.6-26.3%) 
Total 22 (55%) 11 (44%) 06 (50%) 03 (37.5%)    
        
II DCP1,DCP2, 
DCP3,DCP5, 
DCP6,DCP8, 
DCP9,DCP10, 
DCP11,DCP12, 
MW1,MW2, 
MW4,MW7, 
MW9,MW11, 
WS1,WS2, 
 
BD1,BD3, 
BCH1, BCH2, 
BCH3, BCH4, 
BCH5,BCH6, 
BCH7,BC1, 
BC2,BC3, 
BC4,BC7, 
AZCH1, 
AZCH2, 
AZCH6, 
AZCH7, 
AZCH8, 
AZCH9, 
 
KP2,KP3, 
KP5,KP6, 
KP15 
89.0-95.0 
(17.1-25%) 
4.0-5.4 
(29.0-74.1%) 
4.9-6.8 
(28.9-78.9%) 
Total 18 (45%) 14 (56%) 06 (50%) 05 (62.5%)    
        
 Control (uninoculated) 76.0 3.1 3.8 
*Total number of isolates, Values in parenthesis are of percent increase over control. 
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Table 15. Effect of test bacterial inoculation on seed germination and seedling growth of chickpea. 
Group Isolates of bacterial groups Effect of inoculation on seedling growth (cm) 
Pseudomonas 
spp. (40)* 
Bacillus spp. 
(25) 
Azotobacter sp. 
(12) 
Klebsiella 
sp. (08) 
Seed 
Germination 
(%) 
Root length Shoot length 
I DCP4,DCP7, 
MW3,MW5, 
MW6,MW8, 
MW10,MW12, 
PQ1,PQ2,PQ3,
CPS1,CPS2, 
CPS3,BJ2,BJ3,
PB1,PB2,PB4, 
PB5 
BD2,BD5,BD6, 
BD7,BC5,BC6,
BC9,BC10 
AZCH3,AZCH4, 
AZCH5,AZCH10 
AZCH12 
KP4,KP7, 
KP12 
71.0-82.0 
(7.1-17.1%) 
3.2-4.1 
(10.3-41.3%) 
3.8-4.8 
(15.1-45.4%) 
Total   20 (50%) 08 (32%) 05 (41.6%) 03 (37.5%)    
        
II DCP1,DCP2, 
DCP3,DCP5, 
DCP6,DCP8, 
DCP9,DCP10, 
DCP11,DCP12, 
MW1,MW2, 
MW4,MW7, 
MW9,MW11,
WS1,WS2, 
WS3,BJ1 
BD1,BD3,BD4, 
BCH1,BCH2, 
BCH3,BCH4, 
BCH5,BCH6, 
BCH7,BC1,BC
2,BC3,BC4,BC
7,BC8,BC11 
AZCH1,AZCH2, 
AZCH6,AZCH7, 
AZCH8,AZCH9, 
AZCH11 
KP2,KP3, 
KP5,KP6, 
KP15 
83.0-92.0 
(18.5-31.4%) 
4.2-4.5 
(44.0-55.1%) 
4.9-5.5 
(48.4-66.6%) 
Total  20 (50%) 17 (68%) 07 (58.3%) 05 (62.5%)    
        
 Control (uninoculated) 70.0 2.9 3.3 
*Total number of isolates, Values in parenthesis are of percent increase over control. 
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On the basis of biofilm forming capability in vitro and their plant growth promoting 
activities, the isolates belonging to Pseudomonas, Bacillus and nitrogen fixers 
(Azotobacter sp. and Klebsiella sp.) were divided into two groups, gp. I and gp. II. 
Group I comprise strong biofilm former with varied level of plant growth promoting 
activities (IAA, phosphate solubilization and siderophore production). Group II consists 
of moderate biofilm former with different PGP activities (IAA, phosphate solubilization 
and siderophore production). 
In case of Pseudomonas spp. group I (strong biofilm former with multiple PGP traits) 
comprises 19 isolates which produces varying level of IAA, siderophore and solubilise 
phosphate. Group II contains 21 isolates (table 16). Similarly for Bacillus isolates group 
I comprise 17 isolates with strong biofilm forming ability and multiple PGP traits. 
Group II contains eight isolates showing moderate biofilm formation (table 17). In case 
of nitrogen fixers group I category with strong biofilm forming ability consists of seven 
isolates of Azotobacter sp. and five isolates of Klebsiella sp. group II category with 
moderate biofilm forming ability comprises five isolates of Azotobacter sp. and three 
isolates of Klebsiella sp. (table 18). The analysis demonstrated that production of  lower 
and higher amount of PGP activities (IAA, phosphate solubilization and siderophore 
production) have no direct relation with strong and moderate biofilm formation. 
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  Table 16. Grouping of Pseudomonas isolates based on plant growth promoting activities and biofilm formation. 
Group Isolates  Indole acetic 
acid 
(µg ml-1)* 
Phosphate 
solubilization 
(µg ml-1)** 
Siderophore production 
(µg ml-1) 
 S.A 2-3,DHBA 
I Strong biofilm former     
DCP1,DCP2,DCP3,DCP5, 
DCP6,DCP8,DCP9,DCP10, 
DCP11,DCP12,MW1,MW2, 
MW4,MW7,MW9,MW12, 
WS1,WS2,WS3 
40.65-156.48 96.82-596.51 13.22-24.21 5.67-15.56 
      
 PGP activity not detected - MW12 - - 
      
II Moderate biofilm former     
 DCP4,DCP7,MW3,MW5, 
MW6,MW8,MW10,MW11, 
PQ1,PQ2,PQ3, CPS1,CPS2, 
CPS3,BJ1,BJ2,BJ3,PB1, 
PB2,PB4, PB5 
11.15-112.39 118.06-557.43 10.15-22.43 5.41-17.09 
      
 PGP activity not detected - MW10,CPS1,
CPS2, CPS3, 
BJ1, BJ2,BJ3, 
PB1, PB4 
CPS3,BJ3,PB5 CPS3,BJ3,PB5 
* IAA production at 500 µg ml-1of tryptophan, ** Phosphate solubilization at 7th day, S.A- salicylic acid, 2-3, DHBA-2, 3-dihydroxybenzoic acid 
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   Table 17. Grouping of Bacillus isolates based on plant growth promoting activities and biofilm formation. 
Group Isolates  Indole acetic 
acid 
(µg ml-1)* 
Phosphate 
solubilization 
(µg ml-1)** 
Siderophore production 
(µg ml-1) 
 S.A 2-3,DHBA 
I Strong biofilm former     
BD1,BD3,BD4,BCH1,BCH2,
BCH3, BCH4,BCH5,BCH6, 
BCH7,BC1,BC2,BC3,BC4, 
BC7, BC8, BC11 
32.16-116.16 66.46 -300.86 1.96-32.72 0.47-7.75 
      
 PGP activity not detected - - - BCH2 
      
II Moderate biofilm former     
 BD2,BD5,BD6,BD7, BC5, 
BC6,BC9,BC10 
37.18-84.18 94.45-153.99 0.24-31.68 0.42-9.92 
      
 PGP activity not detected - BD2,BC5, 
BC6,BC9, 
BC10 
BD2 BD2,BD5,BD6,
BD7 
       * IAA production at 500 µg ml-1of tryptophan, ** Phosphate solubilization at 7th day. S.A- salicylic acid, 2-3, DHBA-2, 3-dihydroxybenzoic acid 
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    Table 18. Grouping of nitrogen fixing bacteria based on plant growth promoting activities and biofilm formation. 
Group Isolates  Indole acetic 
acid 
(µg ml-1)* 
Phosphate 
solubilization 
(µg ml-1)** 
Siderophore production 
(µg ml-1) 
 S.A 2-3,DHBA 
I Strong biofilm former     
AZCH1,AZCH2,AZCH6, 
AZCH7,AZCH8,AZCH9, 
AZCH11, KP2, KP3, KP5, 
KP6, KP15 
103.67-153.65 48.50-488.13 10.40-33.60 4.07-16.63 
      
 PGP activity not detected - KP2, KP15 - - 
      
II Moderate biofilm former     
 AZCH3,AZCH4,AZCH5, 
AZCH10, AZCH12, KP4, 
KP7, KP12 
96.35-118.58 235.69-358.57 12.54-24.66 4.89-12.46 
      
 PGP activity not detected - AZCH10, 
KP4, KP7, 
KP12 
AZCH10 AZCH10 
* IAA production at 500 µg ml-1of tryptophan, ** Phosphate solubilization at 7th day, S.A- salicylic acid,  2-3,DHBA-2, 3-dihydroxybenzoic acid 
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 4.6. Identification of selected rhizobacterial isolates using 16S rRNA partial gene 
sequencing 
On the basis of biofilm forming capability in vitro, plant growth promoting traits and 
effect on seed germination and seedling growth, certain isolates were selected from each 
group and characterized up to species level using 16S rRNA partial gene sequencing. 
Isolates DCP2, MW4, PQ1, WS1, and PB5 from Pseudomonas group, BC1, BD6 and 
BCH4 from Bacillus group and KP5, AZCH6 from nitrogen fixer group were selected for 
identification. These isolates were characterized commercially using the service of 
Macrogen Inc. Seoul, South Korea. The partial sequences obtained were submitted in 
National Center for Biotechnology Information (NCBI-Genbank, www.ncbi.nlm.nih.gov) 
and accession numbers for each isolate was obtained (table 19 and annexures-12-21). 
Further these sequences were analyzed with the Basic Local Alignment Search Tool 
(BLASTN) and compared to known bacterial sequences in National Center for 
Biotechnology Information, GenBank using BLAST. All the isolates shared 99% 
similarity in BLAST search. Related sequences obtained from the database were used to 
construct a phylogenetic tree using MEGA5 software (figures 44-46). 
 
Table 19. Identification of selected rhizobacterial isoltes based on 16S rRNA   gene   
sequencing and their accession numbers.  
S.no Bacteria  
code 
Identification based on 16S 
rRNA   gene sequencing 
Accession 
no. 
1 DCP2 Pseudomonas aeruginosa KR813019 
2 MW4 Pseudomonas fluorescens KF555376 
3 PQ1 Pseudomonas sp. KT423120 
4 WS1 Pseudomonas fluorescens KT447541 
5 PB5 Pseudomonas boreopolis KT423121 
6 BC1 Bacillus cereus KR996707 
7 BD6 Bacillus subtilis KT423119 
8 BCH4 Bacillus subtilis KR996708 
9 KP5 Klebsiella pneumoniae  KM492940 
10 AZCH6 Azotobater vinelandii KM492940 
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     (a)  
 (b)  
 (c)  
(d)  
Figure 44. Phylogenetic tree of (a) Pseudomonas aeruginosa DCP2, (b) Pseudomonas 
fluorescens MW4, (c) Pseudomonas sp. PQ1, (d) Pseudomonas fluorescens WS1, 
based on 16S rRNA gene sequence. Numbers in brackets are GenBank accession 
numbers. 
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(a)  
 (b)  
 (c)  
 (d)  
Figure 45. Phylogenetic tree of (a) Pseudomonas boreopolis PB5, (b) Bacillus cereus 
BC1, (c) Bacillus subtilis BD6, (d) Bacillus subtilis BCH4, based on 16S rRNA 
gene sequence. Numbers in brackets are GenBank accession numbers. 
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(a)  
 (b)  
Figure 46. Phylogenetic tree of (a) Klebsiella pneumoniae KP5, (b) Azotobacter 
vinelandii AZCH6, based on 16S rRNA gene sequence. Numbers in brackets are 
GenBank accession numbers. 
 
4.7. Biofilm strengths of selected PGPR on glass surface  
 Biofilm formed by selected rhizobacterial isolates were further studied on glass 
coverslips using light and confocal laser scanning microscopy. The light microscopy 
results of biofilm on glass coverslips stained with 0.1% crystal violets revealed that 
isolates DCP2 (Pseudomonas aeruginosa), MW4 (Pseudomonas fluorescens), BC1 
(Bacillus cereus), BCH4 (Bacillus subtilis), KP5 (Klebsiella pneumoniae), and AZCH6 
(Azotobacter vinelandii) formed dense biofilm compared to their moderate biofilm 
counterpart (DCP4, MW3, BC5, BD6, KP4 and AZCH5) which form thin and scattered 
biofilm (figures 47-52). The biofilm formed by these isolates was characterized by the 
presence of EPS matrix.  
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Figure 47. Biofilm formation on glass coverslips by Pseudomonas aeruginosa.  
 (a) Control (DCP4-moderate biofilm former). (b) DCP2. Magnification: 100x. 
 
Figure 48. Biofilm formation on glass coverslips by Pseudomonas fluorescens.  
 (a) Control (MW3-moderate biofilm former). (b) MW4. Magnification: 100x. 
 
Figure 49. Biofilm formation on glass coverslips by Bacillus cereus. (a) Control  
 (BC5- moderate biofilm former). (b) BC1.  Magnification: 100x. 
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Figure 50. Biofilm formation on glass coverslips by Bacillus subtilis. (a) Control  
 (BD6- moderate biofilm former). (b) BCH4. Magnification: 100x. 
 
Figure 51. Biofilm formation on glass coverslips by Klebsiella pneumoniae. (a) Control 
(KP4- moderate biofilm former). (b) KP5. Magnification: 100x. 
 
Figure 52. Biofilm formation on glass coverslips by Azotobacter vinelandii. (a) Control 
(AZCH5- moderate biofilm former). (b) AZCH6. Magnification: 100x. 
4.7.1. CLSM of Biofilm on glass surface  
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To further, confirm the strength of biofilm formed by the test rhizobacterial isolates, the 
confocal laser scanning microscopy (CLSM) was used. The 3D-confocal micrographs 
showed the presence of EPS surrounded cells adhered to glass surface in the form of 
colonies and mature biofilms. These biofilms are characterized by the presence of hollow 
channels. Strong biofilm forming isolate Pseudomonas aeruginosa DCP2 showed the 
clump of cells surrounded by EPS matrix whereas the corresponding control (DCP4-
moderate biofilm former) demonstrated scattered, small clump of cells representing 
microcolonies (figure 53). Similarly, the biofilm formed by Pseudomonas fluorescens 
MW4 showed cell aggregation and formation of robust biofilm, whereas relatively thin 
biofilm formation was observed in MW3 as depicted in figure 54. Similar, results of 
biofilm formation by other four isolates (Bacillus cereus BC1, Bacillus subtilis BCH4, 
Klebsiella pneumonaie KP5 and Azotobacter vinelandii AZCH6) were reported compared 
to their corresponding moderate biofilm former (BC5, BD6, KP4 and AZCH5) as shown 
in figures 55-58. 
 
 
Figure 53. CLSM images of biofilm formed by Pseudomonas aeruginosa on glass 
coverslip under stationary conditions. (a) Control (DCP4-moderate biofilm 
former). (b) DCP2. Biofilms were stained with acridine orange. Magnification is 
100x. Scale bars = 5 µm. 
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Figure 54. CLSM images of biofilm formed by Pseudomonas fluorescens on glass 
coverslip under stationary conditions. (a) Control (MW3-moderate biofilm 
former). (b) MW4. Biofilms were stained with acridine orange. Magnification is 
100x. Scale bars = 5 µm. 
 
 
 
Figure 55. CLSM images of biofilm formed by Bacillus cereus on glass coverslip under 
stationary conditions. (a) Control (BC5-moderate biofilm former). (b) BC1. 
Biofilms were stained with acridine orange. Magnification is 100x. Scale bars= 
5µm. 
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Figure 56. Confocal laser scanning micrographs of biofilm formed by Bacillus subtilis 
on glass coverslip. (a) Control (BD6- moderate biofilm former). (b) BCH4. 
Biofilms were incubated for 24 h and stained with acridine orange. Magnification 
is 100x. Scale bars = 5 µm. 
 
 
 
 
Figure 57. CLSM images of biofilm formed by Klebsiella pneumoniae on glass coverslip 
under stationary conditions. (a) Control (KP4- moderate biofilm former). (b) KP5.  
Biofilms were stained with acridine orange. Magnification is 100x. Scale bars = 
5µm. 
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Figure 58. CLSM images of biofilm formed by Azotobacter vinelandii on glass coverslip 
under stationary condition. (a) Control (AZCH5- moderate biofilm former). (b) 
AZCH6.  Biofilms were stained with acridine orange. Magnification is 100x. 
Scale bars= 5µm. 
 
 
Further, the 3D structure of biofilm formed on glass coverslips by the above mentioned 
isolates were examined by CLSM Z-scans. The data obtained, revealed the depth of 3D 
structure of biofilm. The average thickness of the biofilm formed by Bacillus subtilis 
BCH4, Pseudomonas fluorescens MW4, Aztobacter vinelandii AZCH6, Klebsiella 
pneumoniae KP5, Pseudomonas aeruginosa DCP2 and Bacillus cereus BC1 were found 
to be 26.54, 19.29, 17.33, 15.60, 5.49, and 5.07 μm respectively as depicted in figures 59-
64.  
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Figure 59. CLSM images of Z-stack analysis of Pseudomonas aeruginosa (DCP2) 
biofilm on glass coverslip. 
 
Figure 60. Confocal laser scanning micrographs of Z-stack analysis of Pseudomonas 
fluorescens (MW4) biofilm on glass coverslip. 
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  Figure 61. CLSM images of Z-stack analysis of Bacillus cereus (BC1) biofilm on glass 
coverslip. 
 
Figure 62. CLSM images of Z-stack analysis of Bacillus subtilis (BCH4) biofilm on 
glass coverslip. 
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Figure 63. CLSM images of Z-stack analysis of Klebsiella pneumoniae (KP5) biofilm on 
 glass coverslip.
 
Figure 64. CLSM images of Z-stack analysis of Azotobacter vinelandii (AZCH6) biofilm 
on glass cover slip. 
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4.8. Colonization of selected rhizobacteria and their Rifr mutant in sterile and 
unsterile soil 
The rifampicin resistant mutants of selected rhizobacterial isolates with strong and 
moderate biofilm forming ability were created to evaluate the colonization potential in 
rhizoplane and rhizosphere of wheat and chickpea. The rifampicin mutants were created 
by growing the test isolates in increasing concentration of rifampicin and selecting more 
resistant colonies. The rifampicin was used as a marker to study the detection and survival 
of introduced bacteria in the root zone of test plants grown under unsterile soil. The need 
for creation of rifampicin mutant arises due to the absence of any detectable markers. 
Moreover, the only marker available for the study of introduced isolates is molecular 
based. The molecular markers are costly and time taken. Table 20. shows the MIC of 
parents and their rifampicin resistant mutants. The MIC of parents for all the isolates 
varied from 6.25 to 100 µg ml-1 , whereas the rifampicin resistant mutants MIC ranged 
from 100-800 µg ml-1.   
 
Table 20. MIC of rifampicin antibiotic of parent and rifampicin resistant mutant bacterial 
     isolates. 
Isolates Isolate 
designation 
MIC (µg ml-1) of rifampicin 
Parent  strain  Resistant mutant 
Pseudomonas aeruginosa DCP2 50 400 
Pseudomonas sp. DCP4 50 400 
Pseudomonas sp. MW3 100 800 
Pseudomonas fluorescens MW4 100 800 
Bacillus cereus BC1 25 200 
Bacillus sp. BC5 25 200 
Bacillus subtilis BCH4 6.25 100 
Bacillus subtilis BD6 6.25 100 
Klebsiella sp. KP4 25 400 
Klebsiella pneumoniae  KP5 25 400 
Azotobacter sp. AZCH5 12.5 200 
Azotobacter vinelandii AZCH6 12.5 200 
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To evaluate the colonization potential of these isolates, the surface sterilized seeds of 
wheat (Triticum aestivum var. PBW-343) and chickpea (Cicer arietinum var. Avrodhi) 
were bacterised with the individual bacterial cultures and sown in sterile and unsterile soil 
in small pots containing sandy loam soil. The wheat and chickpea plants were grown up 
to 45 and 60 days respectively. The sampling of plants was done at 15, 30 and 45 days 
after sowing (DAS) for wheat and 20, 40 and 60 DAS for chickpea. 
The rhizobacterial treated seeds yield ≈2.8x107 CFU seed-1. The data presented in table 21 
revealed that viable count of parent isolates in rhizoplane and rhizosphere of strong 
biofilm forming Pseudomonas isolates varied, according to time of sampling both for 
wheat and chickpea. The parent viable count on rhizoplane of wheat under sterile soil for 
isolate of Pseudomonas aeruginosa (DCP2) after seed bacterisation showed a decrease on 
day 15 (27x105), which increased to 320x105 in next 15 days (30 days after sowing) and 
then starts declining and reached to 30 x105 on day 45. Similarly for Rifr mutant isolate of 
Pseudomonas aeruginosa (DCP2), the wheat rhizoplane CFU count in unsterile soil at 
day 15 was found to be 25x105, that increased to 290 x105 and start declining from day 
30, and reached to 2.6 x105. Similar pattern of bacterial population in rhizoplane of 
chickpea under sterile and unsterile soil was observed (table 21).  
The rhizoplane count for Bacillus and nitrogen fixers (Azotobacter sp. and Klebsiella sp.) 
for wheat and chickpea under sterile and unsterile soil showed similar pattern of bacterial 
viable count (table 22, 23). The rhizospheric viable count of all the bacterial isolates 
belonging to these three groups for parents and their rifr mutants under sterile and 
unsterile soil were depicted in annexures-22 and 23. Similar, pattern of bacterial 
colonization was also observed in rhizosphere. 
Further the colonization data revealed that the CFU count in sterile soil conditions both 
for rhizoplane and rhizosphere were high compared to unsterile soil. Moreover the 
observation also demonstrated that the isolates with strong biofilm forming capability in 
vitro colonized better compared to moderate biofilm former as depicted by their CFU 
count in rhizoplane and rhizosphere.  
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    Table 21. Colonization of Pseudomonas spp. in rhizoplane of Triticum aestivum and Cicer arietinum.  
 
In vitro 
biofilm 
forming 
ability 
Isolate no. Sterile/ 
unsterile 
soil 
Selection 
marker 
(Rifampicin-  
µg ml-1) 
Plate count CFU g-1 x105 of root  
Sampling days (after sowing) 
Triticum aestivum (Wheat) 
15 30 45 
Strong DCP2 Rifr U 400 25± 3 290 ± 30 2.6 ± 0.2 
 DCP2 Parent S 0 27± 3 320± 30 30± 2 
Moderate DCP4 Rifr U 400 2.0±0.3 29 ± 2 0.21± 0.2 
 DCP4 Parent S 0 2.4±0.3  310±30  28± 2 
Moderate MW3 Rifr U 800 13± 1 190 ± 10 12± 1 
 MW3 Parent S 0 21± 3 290 ± 30 3.3 ± 0.4 
Strong MW4 Rifr U 800 240± 30 4600± 600 17±1  
 MW4 Parent S 0 380± 40 4400± 600 230± 30 
        
 Cicer arietinum (Chickpea) 
     20 40 60 
Strong DCP2 Rifr U 400 26 ± 4 310± 40 2.4± 0.3 
 DCP2 Parent S 0 28 ± 2 340 ± 40 30± 4 
Moderate DCP4 Rifr U 400 1.9±0.1 23± 3 0.21± 0.03 
 DCP4 Parent S 0 2.2 ± 0.3 300 ± 20 26± 2 
Moderate MW3 Rifr U 800 14 ±1 200 ± 10 13± 0.5 
 MW3 Parent S 0 23± 4 290± 10 3.2± 0.4 
Strong MW4 Rifr U 800 280± 30 4700 ±500 27± 3 
 MW4 Parent S 0 390± 40 4300± 500 240± 30 
DCP- Pseudomonas aeruginosa, MW-Pseudomonas fluorescens, S-Sterile soil, U-unsterile soil, Rifr –Rifampicin resistant. The above values are calculated  
after normalization of CFU count with control plates inoculated with untreated rhizospheric soil. 
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    Table 22. Colonization and survival of Bacillus spp. in rhizoplane of Triticum aestivum and Cicer arietinum.  
In vitro 
biofilm 
forming 
ability 
Isolate no. Sterile/ 
unsterile 
soil 
Selection 
marker 
(Rifampicin-
µg ml-1) 
Plate count CFU g-1 x105 of root 
Sampling days (after sowing) 
Triticum aestivum (Wheat) 
15 30 45 
Moderate BD6 Rifr U 100 2.1±0.3 29± 3 0.26± 0.03 
 BD6 Parent S 0 27± 2 320±40  1.8 ± 0.2 
Strong BCH4 Rifr U 100 30± 4 330± 30 29± 3 
 BCH4 Parent S 0 390± 30 4100± 500 32± 4 
Strong BC1 Rifr U 200 0.25± 0.02 3.4± 0.4 2.9 ± 0.3 
 BC1 Parent S 0 28± 2 310± 40 2.5±0.3  
Moderate BC5 Rifr U 200 0.18± 0.01 2.0 ± 0.2 0.14± 0.01 
 BC5 Parent S 0 0.19± 0.02 26± 2 2.1± 0.3 
        
 Cicer arietinum (Chickpea) 
     20 40 60 
Moderate BD6 Rifr U 100 2.2 ± 0.3 28 ±3 0.24± 0.03 
 BD6 Parent S 0 23±3 300 ± 40 1.6 ± 0.1 
Strong BCH4 Rifr U 100 30± 4 320± 40 28±3  
 BCH4 Parent S 0 390± 40 4200± 500 33± 3 
Strong BC1 Rifr U 200 0.26± 0.01 3.2 ± 0.4 2.7 ± 0.3 
 BC1 Parent S 0 28± 2 300± 400 2.2 ± 0.3 
Moderate BC5 Rifr U 200 0.15± 0.01 1.8±0.2  0.12± 0.01 
 BC5 Parent S 0 0.18±0.01  24± 3 2.0 ± 0.3 
BD, BCH- Bacillus subtilis, BC-Bacillus cereus, S-Sterile soil, U-unsterile soil, Rifr –Rifampicin resistant. The above values are calculated after  
normalization of CFU count with control plates inoculated with untreated rhizospheric soil. 
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     Table 23. Colonization and survival of nitrogen fixers in rhizoplane of Triticum aestivum and Cicer arietinum.  
In vitro 
biofilm 
forming 
ability 
Isolate no. Sterile/ 
unsterile 
soil 
Selection 
marker 
(Rifampicin 
µg ml-1) 
Plate count CFU g-1x105 of root  
Sampling days (after sowing) 
Triticum aestivum(Wheat) 
15 30 45 
Moderate KP4 Rifr U 400 0.015± 0.001 0.19± 0.02 0.0014± 0.00005 
 KP4 Parent S 0 0.17± 0.01 2.1 ± 0.2 0.18± 0.02 
Strong KP5 Rifr U 400 0.22± 0.03 2.9 ± 0.2 23± 3 
 KP5 Parent S 0 2.6± 0.3 340± 30 29± 3 
Moderate AZCH5 Rifr U 200 0.0012±0.0001 0.015±0.001  0.0023± 0.0002 
 AZCH5 Parent S 0 0.015± 0.001 0.18± 0.01 0.013± 0.001 
Strong AZCH6 Rifr U 200 0.19± 0.02 2.2 ± 0.2 0.026± 0.003 
 AZCH6 Parent S 0 0.24± 0.03 23± 2 2.8 ± 0.3 
        
 Cicer arietinum (Chickpea) 
     20 40 60 
Moderate KP4 Rifr U 400 0.014± 0.001 0.19± 0.02 0.0011± 0.00006 
 KP4 Parent S 0 0.16± 0.01 2.0 ± 0.3 0.15± 0.005 
Strong KP5 Rifr U 400 0.23± 0.02 2.8 ± 0.3 21±2 
 KP5 Parent S 0 2.7±0.1  330±40  23± 2 
Moderate AZCH5 Rifr U 200 0.0014±0.0001  0.018± 0.001 0.0011± 0.0001 
 AZCH5 Parent S 0 0.016± 0.001 0.19± 0.01 0.012± 0.0005 
Strong AZCH6 Rifr U 200 0.21±0.02 2.8± 0.3 0.02± 0.001 
 AZCH6 Parent S 0 0.23± 0.02 30± 4 2.4 ±0.2 
      AZCH- Azotobacter vinelandii, KP-Klebsiella pneumoniae , S-Sterile soil, U-unsterile soil, Rifr –   Rifampicin resistant. The above values are calculated after normalization  
        of CFU count with control plates inoculated with untreated rhizospheric soil. 
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4.9. Biofilm formation on root surface by selected rhizobacteria 
A total of 12 rhizobacteria selected on the basis of strong and moderate biofilm forming 
ability in vitro and multiple PGP traits were subjected for biofilm formation on root 
surface of wheat and chickpea seedlings grown aseptically and treated with culture of 
individual rhizobacteria and adhered cells were visualized after 24 h by scanning electron 
(SEM) and confocal laser scanning microscopy (CLSM) for root adherence and biofilm 
formation. 
The behaviour of the selected rhizobacterial isolates with strong biofilm forming ability 
(DCP2, MW4, BC1, BCH4, KP5 and AZCH6) and moderate biofilm former (DCP4, 
MW3, BC5, BD6, KP4 and AZCH5) during their interaction with wheat and chickpea 
seedlings were analyzed with scanning electron microscopy.  
4.9.1. Biofilm on wheat root seedlings 
Surface sterilized seeds of Triticum aestivum L. (var. PBW-343) and Cicer arietinum 
(var. Avrodhi) were sown in sterile sand-soil mixture for raising seedlings. Roots of the 
Triticum aestivum and Cicer arietinum sterile seedlings were inoculated by dipping in 
cultures of test bacterial isolates separately and visualized with SEM after 24 h. 
Root sections of Triticum aestivum (wheat) inoculated with Pseudomonas aeruginosa 
DCP2 (strong biofilm former) and DCP4 (moderate biofilm former) were examined. The 
isolate DCP2 was more consistently adhered on the surface of roots (figures 65. c-f) as 
compared to isolate DCP4 as shown in figures 65. a and b. Negative control (untreated) 
roots showed adherence of only few microbial cells as depicted in figures 65. g & h. 
Similarly, the Pseudomonas fluorescens MW4 (strong biofilm former) and MW3 
(moderate biofilm former) microscopy images revealed that cells of MW4 colonized the 
root of wheat and form robust biofilm on root surface (figures 66. d-j). A biofilm 
consisting of bacterial cells and a net like material suggest extracellular matrix formation 
is apparent in figures 66.h-j.  On the other hand MW3 showed low density of bacterial 
cells adhered to the root surface (figures 66. a-c). Almost, no adherent microbial cells 
were observed in the negative control treatments on most of the observed root samples 
(figures 66. k-n). 
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Figure 65. Scanning electron micrographs of Triticum aestivum seedling 
roots colonized by Pseudomonas aeruginosa DCP2. (a-b) 
Colonization and biofilm formation on the root surface by DCP4 
(moderate biofilm former). (b) Magnified image of the framed 
region shown in figure 65.a. (c-f) Colonization and biofilm 
formation on the root surface by DCP2.  (d) Magnified image of 
the framed region shown in figure 65.c.  (g-h) Zone of root in 
control seedlings. (h) Magnified image of the framed region 
shown in figure 65.g. 
(a) (b)
(c) (d)
(e) (f)
(g) (h)
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Figure 66. Scanning electron micrographs of Triticum aestivum seedling 
roots colonized by Pseudomonas fluorescens MW4. (a) Colonization 
on the surface of the root zone by MW3 (moderate biofilm former). 
(b) Magnified image of the framed region shown in figure 66a. (c) 
Colonization of the framed region shown in figure 66b. (d) 
Colonization and biofilm formation on Triticum aestivum roots by 
MW4. (e) Magnified image of the framed region shown in figure 66d. 
(f) Large scale colonization of the framed region shown in figure 66e. 
(g) Biofilm formation by Pseudomonas fluorescens MW4. (h-i) 
Extracellular matrix production by biofilm forming MW4 (white 
arrow). (j) Magnified image of the framed region shown in figure 66i. 
(k) SEM image of root zone of control seedling. (l) Magnified image 
of the framed region shown in figure 66k. (m-n) Zone of root in 
control seedling. 
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Figure 67 shows the patterns of root attachment and biofilm formation on root 
surface of wheat by Bacillus cereus BC1 (strong biofilm former) and BC5 
(moderate biofilm former). Figures 67. a-b, represents the colonization and 
biofilm formation by isolate BC5. The isolate BC1, showed better cell 
density, root colonization and biofilm formation (figures 67. c-f) compared to 
BC5. In case of control root seedlings (uninoculated) the presence of some 
microbial cells on root surface was detected (figures 67. g-h). Similarly, the 
electron microscopy images of wheat root treated with Bacillus subtilis BCH4 
(strong biofilm former) revealed that cells of BCH4 were evenly adhered on 
the root surface of wheat (figures 68.e-j) compared to BD6 (moderate biofilm 
former), which showed sparsely scattered bacterial cells and thin biofilm and 
root colonization (Figures 68.a-d). Figures 68.g-h, clearly showed that 
Bacillus subtilis BCH4 heavily colonizes the root surface forming dense 
carpet-like configuration of test bacterial cells attached to the root surface. 
Whereas few attached bacterial cells were observed in control (figures 68.k-l). 
 In the same way, the scanning electron micrographs of wheat root bacterised 
with nitrogen fixers (Klebsiella pneumoniae KP5) showed the root 
colonization and robust biofilm formation (figures 69. c-f). Figure 69.f 
demonstrated the presence of extracellular polymeric substances (EPS) matrix 
in biofilm. The presence of loosely attached cells with low cell density 
represents the thin biofilm formation by KP4 (moderate biofilm former) as 
depicted in figures 69. a-b. The control root seedlings (uninoculated) were 
characterized by the presence of few loosely attached bacterial cells (figures 
69. g-h). 
 Further, observation of SEM images of wheat inoculated with Azotobacter 
vinelandii AZCH6 revealed the consistent distribution of Azotobacter cells on 
the root surface of wheat (figures 70.c-f) compared to AZCH5 (moderate 
biofilm former), which showed weak root colonization and biofilm formation 
(figures 70.a-b). Figures (70.c-f) shows that Azotobacter vinelandii AZCH6 
colonizes and form biofilm on root surface. A compact mat like structure of 
bacterial cells adhered to root surface was observed, that clearly demonstrate 
root colonization and strong biofilm formation by the test isolate (figure 70.f).  
The control root seedlings also showed the presence of some loosely attached 
bacterial cells (figures 70.g-h). 
 133
 
Figure 67. Scanning electron micrographs of Triticum aestivum seedling 
roots colonized by Bacillus cereus BC1. (a-b) Colonization and 
biofilm formation on the root surface by BC5 (moderate biofilm 
former). (b) Magnified image of the framed region shown in figure 
67.a.  (c-f) Colonization and biofilm formation on the root surface by 
BC1. (d) Magnified image of the framed region shown in figure 67.c.  
(g-h) Zone of root in control seedlings. 
(a) (b)
(c) (d)
(e) (f)
(g) (h)
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Figure 68. Scanning electron microscopy images of Triticum aestivum seedling 
roots colonized by Bacillus subtilis BCH4. (a-d) Colonization and diminished 
biofilm formation on the root surface by BD6 (moderate biofilm former). (b) 
Magnified image of figure 68a. (c-d) Magnified images of figure 68b. (e-j) 
Colonization and biofilm formation on Triticum aestivum roots by BCH4. (f) 
Magnified image of figure 68e. (g) Magnified image of figure 68.f.  (g-h) 
Large scale colonization and biofilm formation with extracellular matrix. (i-j) 
Magnified images of figure 68 j. (k-l) Section of root in control seedlings. (l) 
Magnified image of figure 68.k. 
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Figure 69.  Scanning electron micrographs of Triticum aestivum seedling 
roots colonized by Klebsiella pneumoniae KP5. (a-b)  Colonization 
and biofilm formation on the root surface by KP4 (moderate bioiflm 
former). (b) Magnified image of the framed region shown in figure 
69.a.  (c-f) Colonization and biofilm formation on the root surface by 
KP4. (g-h) Zone of root in control seedlings. 
(a) (b)
(c) (d)
(e) (f)
(g) (h)
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Figure 70. Scanning electron micrographs of Triticum aestivum seedling 
roots colonized by Azotobacter vinelandii AZCH6. (a-b) Colonization 
and biofilm formation on the root surface by AZCH5 (moderate biofilm 
former). (b) Magnified image of figure 70.a. (c) Colonization and 
biofilm formation on Triticum aestivum roots by AZCH6. (d) Magnified 
image of figure 70.c. (e-f) Large scale colonization and 
exopolysaccharides production by AZCH6 biofilm on the root surface. 
(g-h) Zone of root in control seedlings. (h) Magnified image of figure 
70.g. 
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4.9.2. CLSM of wheat root associated biofilm 
Moreover, the interaction of test rhizobacterial isolates with the roots of 
wheat in the form of colonization and biofilm formation was also established 
by analysing with confocal laser scanning microscopy. The CLSM images 
revealed colonization and robust biofilm formation on the root surface of 
wheat by Pseudomonas aeruginosa DCP2 as evident by the green colour 
compared to moderate biofilm former-DCP4 (figure 71). These biofilms are 
characterized by the presence of hollow channels visualized as black holes 
within biofilms. Similarly, biofilm formation on the root surface of wheat 
inoculated with Pseudomonas fluorescens MW4 revealed the formation of 
biofilm patches which covered the whole root as shown in figure 72.b. 
whereas little or no biofilm formation was observed in MW3 as shown in 
figure 72. a. In the case of Bacillus cereus BC1 (figure 73.b) and Bacillus 
subtilis BCH4 (figures 74. c-e), the isolates showed the aggregation as 
colonization and biofilm formation on the root surface and root hairs. A 
similar pattern of biofilm formation on the root surface of wheat was also 
revealed in the case of Klebsiella pneumoniae KP5 and Azotobacter 
vinelandii AZCH6) as shown in figures 75 and 76. 
 
Figure 71. Confocal microscopy images of Pseudomonas aeruginosa DCP2 
biofilm grown on Triticum aestivum root surface 15 days after sowing. 
(b) Colonization and biofilm formation by DCP2. (a) Colonization and 
biofilm formation on the root surface by DCP4 (moderate biofilm 
former). Biofilm were stained with acridine orange. Magnification is 
20x. Scale bars = 50 µm. 
(a) (b)
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Figure 72. Confocal microscopy images of Pseudomonas fluorescens MW4 
biofilm grown on Triticum aestivum root (b), Biofilm formation by 
MW3 (moderate biofilm former) (a).  Biofilm were stained with 
acridine orange. Magnification is 20x. Scale bars = 50 µm. 
  
 
Figure 73.  Confocal microscopy images of Bacillus cereus BC1 biofilm 
grown on Triticum aestivum root surface 15 days after sowing. (a) 
Zone of root seedling in BC5 (moderate biofilm former), (b) 
Colonization and strong biofilm formation on the root surface by BC1. 
Biofilm were stained with acridine orange. Magnification is 20x. 
Scale bars = 50 µm. 
(a) (b)
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Figure 74. Confocal laser scanning microscopy images of Bacillus subtilis 
BCH4 biofilm grown on Triticum aestivum roots. (a-b) Section of root 
in BD6 seedlings (moderate biofilm former). (c-e) Colonization and 
biofilm formation on the root hairs and root surface by BCH4. Biofilm 
were examined 15 days after sowing and stained with acridine orange. 
Magnification is 20x. Scale bars = 50 µm. 
 
  Figure 75. Confocal microscopy images of Klebsiella pneumoniae KP5 
biofilm grown on Triticum aestivum root surface 15 days after sowing. 
(a) Zone of root in KP4 seedlings (moderate biofilm former). 
Colonization and strong biofilm formation on the root surface by KP5. 
Biofilm were stained with acridine orange. Magnification is 20x. 
Scale bars = 50 µm. 
(b)(a)
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Figure 76. Confocal microscopy images of Azotobacter vinelandii AZCH6 
biofilm grown on Triticum aestivum root surface 15 days after sowing. 
(a-b) Colonization and biofilm formation by AZCH5 (moderate 
biofilm former). (c-f) Colonization and strong biofilm formation on 
the root surface by AZCH6. Biofilm were stained with acridine 
orange. Magnification is 20x. Scale bars= 50 µm. 
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4.9.3. SEM of biofilm on chickpea root seedlings 
Similarly, the above selected isolates which were also subjected to their root 
colonization and biofilm formation potential on chickpea root as studied for 
wheat seedlings. 
The interaction of Pseudomonas aeruginosa DCP2 with chickpea root 
analysed by scanning electron microscopy is given in figures 77.c-f. The 
images depicts the cell attachment, colonization and dense biofilm formation 
by isolate DCP2 (figures 77.c to f) compared to DCP4, which showed loose a 
biofilm formation on root surface (figures 77.a-b). The untreated (control) 
roots showed the presence of few cells of soil microorganisms (77.g-h).  
Similarly, the interaction of plant root with other isolates (Pseudomonas 
fluorescens MW4, Bacillus subtilis BCH4 and Klebsiella pneumoniae KP5) 
along with their corresponding moderate biofilm former (MW3, BD6 and 
KP4) were analysed by SEM. The scanning electron micrographs showed that 
these rhizobacterial isolates formed robust biofilms compared to MW3, BD6 
and KP4 (figures 78, 80 and 81), which established the role of biofilm 
formation in root colonization. Whereas few adhered microbial cells were 
observed on the root surface of control (uninoculated) seedlings. 
However, the SEM micrographs of chickpea (Cicer arietinum) seedling roots 
inoculated by Bacillus cereus BC1 and its corresponding control (BC5, 
figures 79.a-b) showed similar pattern of colonization and biofilm formation 
to that of BC1 (figures 79.e-f). The control seedling (uninoculated) 
demonstrated the presence of few microbial cells as shown in figure 79.g-h. 
Similarly, in the case of Azotobacter vinelandii AZCH6, the SEM analysis of 
root surface depicts the colonization and biofilm formation of almost same 
degree both by AZCH6 (figures 82.c-f) and AZCH5 (figures 82.a-b). The 
control (uninoculated) root seedlings showed the absence of any adhered 
microorganisms (figure 82.g). 
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Figure 77. Scanning electron micrographs of Cicer arietinum seedling roots 
colonized by Pseudomonas aeruginosa DCP2. (a-b) Colonization and 
biofilm formation on the root surface by DCP4 (moderate biofilm 
former). (c-f) Colonization and biofilm formation on the root surface 
by DCP2. (d) Magnified image of the framed region shown in figure 
77.c. (g-h) Zone of root in control seedlings. (h) Magnified image of 
the framed region shown in figure 77.g. 
 
(a) (b)
(c) (d)
(e) (f)
(g) (h)
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Figure 78. Scanning electron micrographs of Cicer arietinum seedling roots 
colonized by Pseudomonas fluorescens MW4. (a-b) Colonization and 
biofilm formation on the root surface by MW3 (moderate biofilm 
former). (b) Magnified image of the framed region shown in figure 
78.a.  (c-h) Colonization and biofilm formation on the root surface by 
MW4. (d) Magnified image of the framed region shown in figure 78.c. 
(h) Magnified image of the framed region shown in figure 77.g.   (i) 
Zone of root in control seedlings. 
(a) (b)
(c) (d)
(e) (f)
(g) (h)
(i)
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Figure 79. Scanning electron micrographs of Cicer arietinum seedling roots 
colonized by Bacillus cereus BC1. (a-b) Colonization and biofilm 
formation on the root surface by BC5 (moderate biofilm former). (b) 
Magnified image of the framed region shown in figure 79.a. (c-f) 
Colonization and biofilm formation on the root surface by BC1.  (g-h) 
Zone of root in control seedlings. (h) Magnified image of the framed 
region shown in figure 79.g. 
 
(a) (b)
(c) (d)
(e) (f)
(g) (h)
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Figure 80. Scanning electron micrographs of Cicer arietinum seedling roots 
colonized by Bacillus subtilis BCH4. (a-b) Colonization and biofilm 
formation on Cicer arietinum roots by BD6 (moderate biofilm former). 
(b) Magnified image of the framed region shown in figure 80.a.  (c-h) 
Colonization and biofilm formation on Cicer arietinum roots by strain 
BD6. (d) Magnified image of the framed region shown in figure 79.c. (i) 
Section of root in control seedlings. 
(h)
(c) (d)
(f)(e)
(g)
(i)
(a) (b)
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Figure 81. Scanning electron micrographs of Cicer arietinum seedling roots 
colonized by Klebsiella pneumoniae KP5. (a-b) Colonization and 
biofilm formation on root surface by KP4 (moderate bioiflm former). 
(c-j) Large scale colonization and robust biofilm formation by KP5. 
(d) Magnified image of the framed region shown in figure 81.c. (e) 
Magnified image of the framed region shown in figure 81.d. (f) 
Magnified image of the framed region shown in figure 81.e. (i-j) 
Biofilm formation with EPS matrix production by Klebsiella 
pneumoniae KP5. (k-l) Zone of root in control seedling. 
 
(b)
(c) (d)
(e) (f)
(g) (h)
(k) (l)
( i ) (j)
(a)
 147
 
Figure 82. Scanning electron micrographs of Cicer arietinum seedling roots 
colonized by Azotobacter vinelandii AZCH6. (a-b) Colonization and 
biofilm formation on the root surface by AZCH5 (moderate biofilm 
former). (b) Magnified image of the framed region shown in figure 
82.a.  (c-f) Colonization and biofilm formation on the root surface by 
AZCH6. (f)  Carpet like structure of biofilm formed by AZCH6. (g) 
Zone of root in control seedlings. 
 
 
(a)
(d)(c)
(e) (f)
(g)
(b)
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4.9.4. CLSM of biofilm on chickpea root surface 
Further, the biofilm formation by above-mentioned isolates was also analyzed 
on chickpea roots by CLSM. Figures 83-88 showed the representative images 
of biofilm formed these isolates on chickpea root surface stained with 
acridine orange after 24 h of incubation. 
 The confocal micrographs showed that all the six isolates formed three-
dimensional, complex and robust structures on the root surface of chickpea. 
These biofilm structures covered the whole root systems with uneven 
distribution as evident by the green coloured patches marked by the presence 
of empty channels compared to moderate biofilm former which showed thin 
patches of biofilm covering margins of root. Whereas in the case of 
Pseudomonas aeruginosa DCP2 (figure 83.b), and Klebsiella pneumoniae 
KP5 (figure 87.b) the distribution is continuous compared to others. Further, 
these biofilm images depict a heterogeneous structure, with some parts show 
the low density of bacterial cells while others are denser.  
 
 
Figure 83.  CLSM images of Pseudomonas aeruginosa DCP2 biofilm grown 
on Cicer arietinum root surface 15 days after sowing. (a) Colonization 
and biofilm formation by DCP4 (moderate biofilm former). (b) 
Colonization and biofilm formation by DCP2. Biofilm were stained 
with acridine orange. Magnification is 20x. Scale bars = 50 µm. 
(b)(a)
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Figure 84. Confocal microscopy images of Pseudomonas fluorescens MW4 
biofilm grown on Cicer arietinum root (b), MW3 (moderate biofilm 
former) (a).  Biofilm were stained with acridine orange. Magnification 
is 20x. Scale bars = 50 µm. 
 
Figure 85. Confocal microscopy images of Bacillus cereus BC1 biofilm 
grown on Cicer arietinum root surface 15 days after sowing. (a) Zone 
of root seedling BC5 (moderate biofilm former). (b-d) Colonization 
and biofilm formation by BC1. Biofilm were stained with acridine 
orange. Magnification is 20x. Scale bars = 50 µm. 
(a) (b)
(a) (b)
(c) (d)
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Figure 86. Confocal laser scanning micrographs of Bacillus subtilis BCH4 
biofilm grown on Cicer arietinum roots. . (a) Section of root in BD6 
seedlings (moderate biofilm former). (b) Colonization and biofilm 
formation on the root hairs and root surface by BCH4. Biofilm were 
examined 15 days after sowing and stained with acridine orange. 
Magnification is 20x. Scale bars = 50 µm. 
 
 
Figure 87. Confocal microscopy images of Klebsiella pneumoniae KP5 
biofilm grown on Cicer arietinum root surface 15 days after sowing. 
(a) Zone of root in KP4 seedlings (moderate biofilm former). 
Colonization and strong biofilm formation on the root surface by KP5. 
Biofilm were stained with acridine orange. Magnification is 20x.  
Scale bars= 50 µm. 
(a) (b)
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         Figure 88. Confocal laser scanning micrographs of Azotobacter 
vinelandii AZCH6 biofilm grown on Cicer arietinum root 
surface 15 days after sowing. (a) Zone of root in AZCH5 
seedlings (moderate biofilm former). (b-d) Colonization and 
strong biofilm formation on the root surface by AZCH6. 
Biofilm were stained with acridine orange. Magnification is 
20x. Scale bars = 50 µm. 
 
4.9.5. Scanning electron microscopy of plant root associated biofilm 
under soil-plant system 
Further, the colonization potential and biofilm formation by the selected 
rhizobacterial isolates (Pseudomonas aeruginosa DCP2, Pseudomonas 
fluorescens MW4, Bacillus cereus BC1, Bacillus subtilis BCH4, Klebsiella 
pneumoniae KP5 and Azotobacter vinelandii AZCH6) were also studied 
under sterile soil conditions on wheat and chickpea seedling roots after 15 
days of growth. The data obtained in the form of scanning electron 
micrographs clearly demonstrated the colonization and dense biofilm 
formation by the rhizobacterial isolates on the root surface and root hairs of 
wheat and chickpea under the soil-plant system (figures 89 to 97). 
(a) (b)
(c) (d)
 152
These images further revealed the presence of EPS matrix, which works as a 
binding agent for bacterial cells. Moreover, biofilm formation was expressed 
as dense continuous carpet-like structure on root surface of wheat by 
Pseudomonas aeruginosa DCP2 (figure 89.a), Pseudomonas fluorescens 
MW4 (figure 90.b) and Azotobacter vinelandii AZCH6 (figure 93.a) and 
chickpea by Pseudomonas fluorescens MW4 (figure 94.b), Bacillus cereus 
BC1 (figures 95. a and b) and Azotobacter vinelandii AZCH6 (figure 97.b). 
The carpet-like structure formed by Azotobacter vinelandii AZCH6 on 
chickpea root looks more compact and denser compared to Bacillus cereus 
BC1 (figures 95. a and b, chickpea root) and Pseudomonas aeruginosa DCP2 
(figure 89.a, wheat root). The biofilm structures developed by Azotobacter 
vinelandii AZCH6 (figure 93.b, wheat root) and Pseudomonas fluorescens 
MW4 (figure 94.a, chickpea) were found to be very different from those 
explained earlier. These two isolates formed elevated, dome-shaped biofilm 
over the root surface, with the existence of empty channels between biofilm. 
Further, visual analysis of SEM images revealed the formation of compact 
structures that covered the root hairs completely as shown in figures 91.a and 
92.a-b. Similar, structure of biofilm was also depicted by Klebsiella 
pneumoniae KP5 (wheat and chickpea root) and Pseudomonas aeruginosa 
DCP2 (chickpea). Whereas, biofilm formed by Bacillus subtilis BCH4 
(chickpea, figure 96) was not prominent as compared to above mentioned 
isolates 
 
Figure 89. Representative images of colonization and biofilm formation on 
Triticum aestivum roots by Pseudomonas aeruginosa DCP2 in sterile 
soil after 15 days of growth. 
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Figure 90. Representative images of colonization and biofilm formation 
on Triticum aestivum roots by Pseudomonas fluorescens MW4 
in sterile soil. 
 
 
   Figure 91. Scanning electron micrographs of colonization and biofilm 
formation on Triticum aestivum roots by Bacillus cereus BC1 in 
sterile soil. 
 
  
Figure 92. Representative images of colonization and biofilm formation on 
Triticum aestivum roots by Bacillus subtilis BCH4 in sterile soil-plant 
system. 
 
 
Figure 93. SEM images of colonization and biofilm formation by 
Azotobacter vinelandii AZCH6 on root surface of Triticum aestivum 
in sterile soil-plant system. 
 
 
 
 
 
 
  
Figure 94.  Representative images of colonization and biofilm formation on 
Cicer arietinum roots by Pseudomonas fluorescens MW4 in sterile 
soil-plant system. 
 
 
 
Figure 95.  Representative images of adherence and biofilm formation on 
Cicer arietinum roots by Bacillus cereus BC1 in sterile soil after 15 
days of growth as visualized with SEM. 
 
 
 
 
 
  
Figure 96. Representative images of colonization and biofilm formation on 
Cicer arietinum roots by Bacillus subtilis BCH4 in sterile soil after 15 
days of growth. 
 
 
Figure 97. Scanning electron micrographs of colonization and biofilm 
formation on Cicer arietinum roots by Azotobacter vinelandii AZCH6 
in sterile soil. 
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4.10. Interaction of selected biofilm forming PGPR on vegetative growth 
characteristic under pot condition on wheat and chickpea 
Before conducting mixed treatments of selected bacterial isolates, the 
antagonistic interaction among these isolates were checked in both cross 
streak and overlay method and was found negative. 
This study involves the effect of selected rhizobacterial isolates (DCP2, 
MW4, BC1, BCH4, KP5 and AZCH6) with multiple plant growth promoting 
traits and strong biofilm forming ability on vegetative growth parameters of  
wheat (Triticum aestivum var. PBW-343) and chickpea (Cicer arietinum var. 
Avrodhi) grown under open pot conditions. The PGPR isolates and their 
combinations selected for chickpea and wheat pot trials are given in table M-5 
and M-6. 
  
Wheat 
Wheat seeds inoculated with selected rhizobacterial isolates (Pseudomonas 
aeruginosa (DCP2), Pseudomonas fluorescens (MW4), Bacillus cereus 
(BC1), Bacillus subtilis (BCH4), Klebsiella pneumoniae (KP5) and 
Aztobacter vinelandii (AZCH6) in single, dual and triple combinations were 
grown in clay loam soil and vegetative growth parameters were measured 
after 50 days of sowing. The data indicated that the test isolates showed 
significant (P≤0.05) increase in all vegetative parameters (root length, shoot 
length, fresh root and shoot weight,  dry root and shoot weight and 
chlorophyll) over uninoculated control. Single inoculation of the reference 
isolates (Azotobacter sp. and Pseudomonas sp.) marginally enhanced the root 
length by 6.8 and 8.2% over uninoculated control respectively. Further the 
single inoculation of selected rhizobacterial isolates such as Pseudomonas 
aeruginosa and Pseudomonas fluorescens increase the root length by 14 and 
15% respectively over uninoculated control. The dual combination of Bacillus 
subtilis and Pseudomonas fluorescens (T16) significantly (P < 0.05) increased 
the root length by 31.5% over uninoculated plant. Whereas, the triple 
combinations of Klebsiella pneumoniae (KP5) + Pseudomonas aeruginosa 
(DCP2) + Bacillus cereus (BC1) (T17) and Azotobacter vinelandii 
(AZCH6)+ Bacillus  subtilis (BCH4) + Pseudomonas fluorescens (MW4) 
(T18) maximally enhanced the root length among all the treatments over 
control (uninoculated) by 39.8 and 49.4% respectively.  
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Among single treatments, inoculation of Pseudomonas fluorescens (T10) was 
found better compared uninoculated control which increased the shoot length 
by 27.64%. Similarly, the dual treatment (T16) maximally (51.7%) enhanced 
the shoot length compared to uninoculated and fertilized plant. The triple 
combination of Azotobacter vinelandii (AZCH6) + Bacillus subtilis (BCH4) 
+ Pseudomonas fluorescens (MW4) (T18) significantly increased the shoot 
length by 62.1% compared to control (uninoculated). A similar trend was also 
observed for fresh root, shoot weight, root dry weight, shoot dry weight and 
chlorophyll, where the triple inoculation maximally enhance all vegetative 
growth parameters over control plant followed by dual and single inoculation 
(table 24, figure 98).  
 
 
 
Figure 98. Effect of rhizobacterial inoculation on the growth of wheat under 
pot conditions. T1-Control (uninoculated), T10-single inoculation 
(Pseudomonas fluorescens MW4), T16-dual inoculation [Bacillus 
subtilis (BCH4) + Pseudomonas fluorescens (MW4)], T18-triple 
inoculation [Azotobacter vinelandii (AZCH6) + Bacillus subtilis 
(BCH4) + Pseudomonas fluorescens (MW4)]. 
 
 
 
 
 
 
T1 T10 T16 T18
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Table 24. Effect of rhizobacterial inoculation on vegetative parameters of wheat after 50 days of sowing under pot condition. 
Bacterial inoculation Root 
length 
(cm) 
Shoot 
length  
(cm) 
Fresh root 
weight 
(g plant-1) 
Fresh shoot 
weight 
(g plant-1) 
Root dry 
weight 
(g plant-1) 
Shoot dry 
weight 
(g plant-1) 
Chlorophyll 
(mg g-1) 
Uninoculated control T1 9.85k 29.59o 3.14p 11.03o 0.73l 1.33o 0.63j 
Fertilized control T2 10.44j 31.37n 3.55o 11.32n 0.90j 1.37n 0.68i 
Azotobacter sp. (IARI)* T3 10.52j 31.33n 3.62n 11.35n 0.81k 1.40lm 0.69i 
Pseudomonas sp. (IARI)* T4 10.66ij 31.49n 3.71m 11.43m 0.82k 1.43kl 0.74h 
Klebsiella pneumoniae (KP5) T5 10.87hi 31.70n 3.82l 11.67l 0.97i 1.45ij 0.77h 
Azotobacter vinelandii (AZCH6) T6 10.92gh 32.19m 3.90k 11.69l 0.99i 1.46ij 0.86g 
Bacillus cereus (BC1) T7 11.12fg 34.61l 4.11j 11.80k 1.04h 1.39ij 0.88g 
Bacillus  subtilis (BCH4) T8 11.18f 36.24k 4.20i 11.97j 1.10g 1.41mn 0.93f 
Pseudomonas aeruginosa (DCP2) T9 11.23f 36.81j 4.17ij 12.02j 0.98i 1.44jk 0.97e 
Pseudomonas fluorescens (MW4) T10 11.31f 37.77i 4.22hi 12.12i 1.11g 1.47i 1.00e 
Klebsiella pneumoniae  (KP5) + 
Pseudomonas aeruginosa (DCP2) 
T11 11.33f 39.39h 4.28gh 12.28h 1.14g 1.55h 1.04d 
Klebsiella pneumoniae  (KP5)  + 
Bacillus cereus (BC1) 
T12 12.01d 40.32g 4.34f 12.43g 1.19f 1.62g 1.08c 
Bacillus cereus (BC1) + Pseudomonas 
aeruginosa (DCP2) 
T13 11.73e 41.72f 4.32fg 12.68f 1.22e 1.66f 1.12b 
Azotobacter vinelandii (AZCH6) + 
Pseudomonas fluorescens (MW4) 
T14 12.20d 42.32e 4.44e 12.88e 1.31d 1.70e 1.13b 
Azotobacter vinelandii (AZCH6)  + 
Bacillus  subtilis (BCH4) 
T15 12.13d 43.74d 4.53d 13.05d 1.35c 1.76d 1.16ab 
Bacillus  subtilis (BCH4) + 
Pseudomonas fluorescens (MW4) 
T16 12.96c 44.89c 4.81c 13.55c 1.38b 1.83c 1.15ab 
Klebsiella pneumoniae (KP5) + 
Pseudomonas aeruginosa (DCP2)+ 
Bacillus cereus (BC1) 
T17 
13.78b 46.55b 5.15b 14.12b 1.41ab 1.90b 1.17a 
Azotobacter vinelandii (AZCH6)+ 
Bacillus  subtilis (BCH4) + 
Pseudomonas fluorescens (MW4) 
T18 
14.69a 47.97a 5.23a 14.29a 1.43a 1.97a 1.19a 
In this and succeeding tables, mean values in columns followed by a different letters are significantly different (P ≤ 0.05) in Duncan’s multiple range test. *Reference strain used as bioinoculant 
(IARI, New Delhi, India). 
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Chickpea 
Similarly, seeds of chickpea were bacterised with the above given same isolates and 
grown in sandy clay loam soils. The vegetative growth parameters were measured 
after 60 days of sowing. The data revealed that the rhizobacterial isolates showed 
significant increase in all vegetative parameters (root length, shoot length, root fresh 
and dry weight, shoot fresh and dry weight, chlorophyll, nodule number and nodule 
dry weight) as compared to uninoculated and fertilized control.  
Similarly, the shoot length of chickpea plant was increased to maximum by the 
application of four inoculation of Mesorhizobium sp. + Azotobacter vinelandii 
(AZCH6)+ Bacillus  subtilis (BCH4) + Pseudomonas  fluorescens (MW4) (T19), 
which increases the shoot length by 32.5 and 24.7% over uninoculated and fertilised 
control respectively (table 25). Similar trends were also observed for fresh root, shoot 
weight, dry root, shoot weight, chlorophyll, nodule number and nodule dry weight 
(table 25, figure 99). Moreover, while comparing the inoculation effect of each 
treatment on percent increase in vegetative growth parameters, the percent growth 
decrease in the following order: four<triple<dual<single treatment. 
 
 
Figure 99. Effect of rhizobacterial inoculation on the growth of chickpea under pot 
conditions. T1- control (uninoculated), T11-dual inoculation [Mesorhizobium sp. 
+ Pseudomonas fluorescens (MW4)], T17-triple inoculation [Mesorhizobium sp. 
+ Bacillus subtilis (BCH4) + Pseudomonas fluorescens(MW4)], T19-four 
inoculation [Mesorhizobium sp. + Azotobacter vinelandii (AZCH6) + Bacillus 
subtilis (BCH4) + Pseudomonas fluorescens (MW4)]. 
T1 T11 T17 T19
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Table 25. Effect of rhizobacterial inoculation on vegetative parameters of chickpea after 60 days of sowing under pot condition. 
Bacterial inoculation Root 
length 
(cm) 
Shoot 
length  
(cm) 
Fresh 
root 
weight 
(g plant-1) 
Fresh 
shoot 
weight 
(g plant-1) 
Root 
dry 
weight 
(g plant-1) 
Shoot 
dry weight 
(g plant-1) 
Chloroph
yll 
(mg g-1) 
 
Nodule 
number 
(plant-1) 
Nodule dry 
weight 
(g plant-1) 
Uninoculated control T1 12.80n 31.03cd 2.23ij 4.73h 0.81g 1.41j 0.61lm 19.28s 0.75m 
Fertilized control T2 13.06mn 31.57cd 2.77fghi 4.93gh 0.93fg 1.45ij 0.67k 20.70r 0.83k 
Mesorhizobium sp. (IARI)* T3 13.47lm 30.17d 2.27ij 4.23ij 0.56h 1.51hij 0.61l 21.64q 0.85j 
Azotobacter sp. (IARI)* T4 13.63l 30.13d 2.10j 4.17ij 0.79g 1.49hij 0.60lm 21.88p 0.87hi 
Pseudomonas sp. (IARI)* T5 13.63l 30.57d 2.33ij 4.10j 0.84g 1.50hij 0.57n 22.00o 0.80l 
Mesorhizobium sp. + Klebsiella pneumoniae 
(KP5) 
T6 13.20m 22.30e 2.50hi 4.40i 0.93fg 1.57ghi 0.58mn 22.45m 0.86ij 
Mesorhizobium sp. + Azotobacter vinelandii 
(AZCH6) 
T7 13.40lm 31.23cd 2.70ghi 4.40i 1.04def 1.59efg 0.60lmn 22.10n 0.89g 
Mesorhizobium sp. + Bacillus cereus (BC1) T8 13.80kl 31.37cd 2.57hij 4.10j 1.12bcde 1.60efg 0.61l 22.49l 0.83k 
Mesorhizobium sp. + Bacillus  subtilis (BCH4) T9 14.10jk 31.53cd 2.90efgh 4.70h 0.96efg 1.55ghi 0.66k 22.71k 0.85j 
Mesorhizobium sp. + Pseudomonas aeruginosa 
(DCP2) 
T10 14.37ij 31.80cd 2.97efg 5.13g 1.05def 1.57ghi 0.71j 23.05j 0.87h 
Mesorhizobium sp. + Pseudomonas fluorescens 
(MW4) 
T11 14.60hi 32.63bcd 3.10def 5.70f 1.08cdef 1.63ef 0.74i 23.24i 0.89g 
Mesorhizobium sp. + Klebsiella pneumoniae  
(KP5) + Pseudomonas aeruginosa (DCP2) 
T12 14.80gh 33.13bcd 2.87efgh 6.20e 1.12bcde 1.77d 0.79h 23.62g 0.94e 
Mesorhizobium sp. + Klebsiella pneumoniae  
(KP5)  + Bacillus cereus (BC1) 
T13 15.03g 33.97abcd 3.00defg 6.63d 1.19bcd 1.70de 0.82g 23.50h 0.92f 
Mesorhizobium sp. + Bacillus cereus (BC1) + 
Pseudomonas aeruginosa (DCP2) 
T14 15.90f 35.27abcd 3.33cd 6.87cd 1.17bcd 1.90c 0.89f 24.25f 0.95e 
Mesorhizobiums sp. + Azotobacter vinelandii 
(AZCH6) + Pseudomonas fluorescens (MW4) 
T15 16.43e 36.70abcd 3.23de 6.77cd 1.19abcd 1.60efg 0.92e 24.88e 0.94e 
Mesorhizobium sp. + Azotobacter vinelandii 
(AZCH6)  + Bacillus  subtilis (BCH4) 
T16 17.03d 38.50abc 3.63bc 6.93bc 1.22abcd 1.77d 0.97d 25.35d 0.96d 
Mesorhizobium sp.+ Bacillus  subtilis (BCH4) + 
Pseudomonas fluorescens(MW4) 
T17 17.40c 39.17ab 3.87ab 7.13ab 1.25abc 2.00bc 1.01c 25.40c 0.98c 
Mesorhizobium sp. + Klebsiella pneumoniae  
(KP5) + Pseudomonas aeruginosa (DCP2)+ 
Bacillus cereus (BC1) 
T18 
18.67b 39.37ab 3.90ab 7.27a 1.29ab 2.07b 1.03b 26.50b 1.00b 
Mesorhizobium sp. + Azotobacter vinelandii 
(AZCH6)+ Bacillus  subtilis (BCH4) + 
Pseudomonas  fluorescens (MW4) 
T19 
19.07a 41.13a 4.10a 7.30a 1.38a 2.23a 1.08a 26.90a 1.02a 
*Reference strain used as bioinoculant (IARI, New Delhi, India). 
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4.11. Assessment of selected PGPR for their performance under field condition on 
growth and yield of wheat. 
Effect of inoculation of selected PGPR alone and in various combinations were assessed 
for their plant growth promoting potential on wheat (Triticum aestivum var. PBW-343) 
grown under field conditions. The selected PGPR and their treatments combinations for 
field study are given in table M-6. The field experiment was performed in Rabi season 
(10th November till the harvesting stage) in the year 2012 and 2013 at experimental fields 
of Faculty of Agriculture Sciences, Aligarh Muslim University, Aligarh, India (figure 
100). The field experiment was conducted using completely randomized design (CRD) 
consisting of three replications per treatment. Various vegetative growth and yield 
parameters were analysed consequently for two years (2012 and 2013).  
4.11.1. Effect of inoculation on plant growth 
Root length: Wheat seeds were treated with the selected rhizobacterial isolates and sown 
in clay loam-soil revealed varied level of plant growth. The response of microbial 
cultures on root length at 50, 70 and 130 days after sowing (DAS) during 2012 and 2013 
varied substantially among the treatments. The single inoculation of Pseudomonas 
fluorescens (MW4) (T10) significantly (P≤0.05) increased the root length by 47, 31 and 
29% at 50, 70 and 130 DAS respectively over uninoculated control in the year 2012. 
Whereas, in 2013 there was an increase of 44, 28 and 28% at 50, 70 and 130 DAS 
respectively. Among other single treatments the application of commercial biofertilizer 
[Azotobacter sp. (T3) and Pseudomonas sp. (T4)] increased the root length by 25, 7, 5% 
and 30, 8, and 6% at 50, 70 and 130 DAS respectively over uninoculated control in the 
year 2012. But in 2013 there was decrease in root length. Among all the single 
treatments, the application of Pseudomonas fluorescens (T10) maximally enhanced the 
root length followed by others. In case of dual culture inoculations, the combination of 
Bacillus subtilis and Pseudomonas fluorescens (T16) significantly (P < 0.05) was found  
best among all the dual treatments that enhanced the root length by 59, 64 and 60% at 50, 
70 and 130 DAS respectively in the year 2012 compared to control plant (uninoculated). 
Whereas, in 2013 the increase was 63, 60 and 57% at 50, 70 and 130 DAS respectively. 
The triple application of Klebsiella pneumoniae (KP5) + Pseudomonas aeruginosa 
(DCP2) + Bacillus cereus (BC1 (T17) and Azotobacter vinelandii (AZCH6) + Bacillus 
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subtilis (BCH4) + Pseudomonas fluorescens (MW4) (T18) were found to performed 
better among all the treatments during 2012 and 2013 respectively. Treatment (T18) 
Azotobacter vinelandii (AZCH6)+ Bacillus  subtilis (BCH4) + Pseudomonas fluorescens 
increases the root length to 72, 69 and 76% at all the three stages of plant growth 
compared to uninoculated control. A similar trend to that of 2012 was also observed in 
the second year of plant growth as depicted in table 26. 
Shoot length: The application of different microbial cultures on shoot length resulted in 
the increase of shoot length with the age of plant, measured at 50, 70 and 130 DAS. 
Among all the single inoculation applied, it was observed that the application of 
Pseudomonas fluorescnes (T10) was better over the uninoculated control (T2) which 
increased the shoot length by 3.3, 8 and 5% at 50, 70 and 130 DAS respectively in 2012 
over uninoculated control. Similar pattern was also observed in 2nd year of experiment 
(2013). The application of commercial biofertilizers [Azotobacter sp. (T3) and 
Pseudomonas sp. (T4)] marginally increased the shoot length in both the years (2012-
2013) compared to uninoculated control. In case of dual inoculation the application of 
Bacillus subtilis (BCH4) + Pseudomonas fluorescens (MW4) (T16) significantly 
increased the shoot length by 34.74 cm, 55.27cm, 96.88 cm at 50, 70 and 130 DAS 
respectively, compared to control plant in the year 2012. The second year (2013) data 
showed minimal increase in plant length. The triple application was found better 
compared to dual application. Among all the treatments, the combination of Azotobacter 
vinelandii (AZCH6)+ Bacillus  subtilis (BCH4) + Pseudomonas fluorescens (MW4) 
(T18) was found better among all the treatments that significantly increased the shoot 
length of wheat plant by 37.86, 62.18, 98.70 cm at 50, 70 and 130 DAS respectively in 
the year 2012 compared to uninoculated and fertilized control. A similar trend to that of 
2012 was also found in 2013 as shown in table 26. 
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Table 26. Effect of bacterial inoculation on the length of wheat plant at 50, 70 and 130 days after sowing under field condition.  
Mean values in columns followed by a different letters are significantly different (P ≤ 0.05) in Duncan’s multiple range test. *Reference strains used as bioinoculant (IARI, New Delhi, India). 
 
 
Bacterial Inoculation 
 Root length (cm) Shoot length (cm) 
50 DAS 70 DAS 130 DAS 50 DAS 70 DAS 130 DAS 
Year Year Year Year Year Year Year Year Year Year Year Year 
2012 2013 2012 2013 2012 2013 2012 2013 2012 2013 2012 2013 
Uninoculated control T1 10.36o 11.40i 13.95p 14.90r 20.82r 21.81r 30.80l 31.76p 42.43q 43.34r 83.75q 84.69q 
Fertilized control T2 11.57n 12.67h 14.89n 15.85p 21.20q 22.15q 31.52i 32.45m 45.22j 45.20n 84.76p 85.71o 
Azotobacter sp. (IARI)* T3 12.92m 12.83h 14.96mn 15.89o 21.79p 22.44p 30.94kl 32.89j 43.23p 44.20q 85.59n 85.51p 
Pseudomonas sp.  (IARI)* T4 13.51l 14.58fg 15.09lm 16.11m 22.12o 23.10o 31.03k 32.98i 43.50o 44.50p 86.36k 86.31n 
Klebsiella pneumoniae (KP5) T5 13.17k 14.20g 16.64i 17.60j 23.34n 24.34n 30.99kl 32.03o 43.81n 44.79o 85.35o 86.34m 
Azotobacter vinelandii (AZCH6) T6 13.80j 14.85f 15.10l 16.05n 23.82m 24.81m 31.23j 32.22n 44.25m 45.24m 85.79m 86.78l 
Bacillus cereus (BC1) T7 14.05i 15.38e 14.70o 15.66q 24.15l 25.10l 31.26j 32.23n 44.56l 45.56l 86.12l 87.11k 
Bacillus  subtilis (BCH4) T8 14.20h 15.30e 15.91k 16.86l 25.60k 26.55k 31.50i 32.45m 44.80k 45.80k 86.17l 87.12k 
Pseudomonas aeruginosa (DCP2) T9 14.93g 15.61e 16.25j 17.20k 26.24j 27.19j 31.64i 32.69l 45.12j 46.12j 86.88j 87.86i 
Pseudomonas fluorescens (MW4) T10 15.19f 16.39d 18.22h 19.14i 26.93i 27.89i 31.84h 32.75k 45.70i 46.60i 87.54i 87.54j 
Klebsiella pneumoniae (KP5) + 
Pseudomonas aeruginosa (DCP2) 
T11 15.21f 16.58d 20.10g 21.04h 28.28h 29.22h 32.51g 33.41h 52.17h 53.12h 88.74h 89.74h 
Klebsiella pneumoniae  (KP5)  + 
Bacillus cereus (BC1) 
T12 15.33f 16.70d 20.60f 21.50gg 28.65g 29.60g 32.84f 33.80g 53.25g 54.20g 89.81g 89.76g 
Bacillus cereus (BC1) + 
Pseudomonas aeruginosa (DCP2) 
T13 15.53e 16.31d 21.10e 22.01f 29.82f 30.70f 33.45e 34.48e 53.85f 54.80f 94.64f 95.60f 
Azotobacter vinelandii (AZCH6) 
+ Pseudomonas fluorescens 
(MW4) 
T14 
15.64e 16.35d 22.74cd 23.6d 31.20e 32.15e 33.57e 34.40f 55.65d 56.61d 95.41e 96.43e 
Azotobacter vinelandii (AZCH6)  
+ Bacillus  subtilis (BCH4) 
T15 15.93d 17.63c 22.63d 23.50e 33.19d 34.13d 33.84d 34.78d 56.25c 57.20c 95.70d 96.66d 
Bacillus  subtilis (BCH4) + 
Pseudomonas fluorescens (MW4) 
T16 16.49c 18.55b 22.83c 23.81c 33.39c 34.34c 34.74c 35.68c 55.27e 55.10e 96.88c 97.86c 
Klebsiella pneumoniae (KP5) + 
Pseudomonas aeruginosa 
(DCP2)+ Bacillus cereus (BC1) 
T17 
17.55b 18.59b 23.33b 24.34b 34.52b 35.50b 36.72b 37.29b 58.25b 58.20b 97.50b 98.47b 
Azotobacter vinelandii 
(AZCH6)+ Bacillus  subtilis 
(BCH4) + Pseudomonas 
fluorescens (MW4) 
T18 
17.82a 19.82a 23.59a 24.45a 34.78a 35.70a 37.86a 38.79a 62.18a 63.10a 98.70a 99.64a 
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  Root fresh weight: The fresh root weight of the plant at 50, 60 and 130 DAS showed 
increasing trend. In the year 2012, the single inoculation of Azotobacter sp. (T3) and 
Pseudomonas sp. (T4) marginally enhanced the fresh weight by 7.3 and 8% over 
uninoculated control at 50 DAS respectively. Whereas in 2nd year (2013) decreasing trend 
was observed at 50 DAS. Among other single treatments the application of Pseudomonas 
fluorescens (T10) enhanced the fresh root weight by 37.2% at 70 DAS in 2012. In 2013, 
no increase was observed. The dual inoculation of Bacillus subtilis and Pseudomonas 
fluorescens (T16) was found better among all the dual combinations that significantly 
(P≤0.05) enhanced the fresh weight at 70 DAS during both the seasons (2012 and 2013). 
But at 130 DAS the increased observed was 12 and 14% in 2012 and 2013 respectively 
compared to uninoculated plant. The triple combinations of treatment (T18) maximally 
increased the fresh weight at all the three stages of sampling by 59, 67.4 and 13.35% over 
uninoculated control in the Ist year of experiment. Similarly the growth increment in the 
2nd year of experiment was 48, 70 and 15% respectively. The triple combinations were 
found to be more effective compared to dual and single treatments (table 27). 
Shoot fresh weight: The inoculation of Azotobacter sp. (T3) singly increased the fresh 
shoot weight by 0.3, 11 and 8% at 50, 70 and 130 DAS over uninoculated control in the 
year 2012. Similar results were also observed in second year (2013). Whereas, the single 
inoculation of Pseudomonas fluorescens (T10) increased the fresh biomass by 4, 29 and 
41% at 50, 70 and 130 DAS in 2012 respectively over uninoculated control. Whereas, the 
2nd year enhancement was found to be 5, 26 and 40% over uninoculated plant at 50, 70 
and 130 DAS respectively. A maximum increase of 12.67, 19.78 and 27.87 cm were 
observed at 50, 70 and 130 DAS due to the combined inoculation of  Bacillus  subtilis 
(BCH4) + Pseudomonas fluorescens (MW4) (T16) over single inoculation of 
Azotobacter in the year 2012. Generally, the triple inoculation resulted in better fresh 
weight increase over dual and single inoculation at all stages of sampling. The mixed 
inoculation of Klebsiella pneumoniae (KP5) + Pseudomonas aeruginosa (DCP2)+ 
Bacillus cereus (BC1) (T17) and  Azotobacter vinelandii (AZCH6)+ Bacillus  subtilis 
(BCH4) + Pseudomonas fluorescens (MW4) (T18)  significantly (P ≤ 0.05) increased the 
fresh biomass over control at 50, 70 and 130 DAS in both the year of experiment (table 
27). 
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Table 27. Effect of bacterial inoculation on fresh biomass of wheat plant at 50, 70 and 130 days after sowing. 
Mean values in columns followed by a different letters are significantly different (P ≤ 0.05) in Duncan’s multiple range test. *Reference strains used as bioinoculant (IARI, New Delhi, India). 
 
 
 
Bacterial Inoculation 
Root  fresh weight (g) Shoot  fresh weight (g) 
50 DAS 70 DAS 130 DAS 50 DAS 70 DAS 130 DAS 
Year Year Year Year Year Year Year Year Year Year Year Year 
2012 2013 2012 2013 2012 2013 2012 2013 2012 2013 2012 2013 
Uninoculated control T1 4.37j 5.31o 6.15r 6.11r 8.21o 8.15q 9.63e 10.56q 13.57q 13.85r 17.15r 17.20q 
Fertilized control T2 4.51i 5.54n 6.25q 6.20q 8.25n 8.29o 6.71f 10.61p 14.10p 13.94q 18.25q 18.31p 
Azotobacter sp.(IARI)* T3 4.69h 5.67m 6.35p 6.30p 8.21o 8.27p 9.66e 10.65o 15.10o 14.96p 18.45p 18.50o 
Pseudomonas sp. (IARI)* T4 4.72gh 5.70l 6.60o 6.56o 8.26n 8.30o 9.72e 10.69n 15.31n 15.00o 18.81o 18.81n 
Klebsiella pneumoniae  (KP5) T5 4.75gh 5.72k 7.06n 7.00n 8.30m 8.36n 9.77de 10.75m 15.77m 15.89n 19.99n 19.99m 
Azotobacter vinelandii (AZCH6) T6 4.78fg 5.77j 7.84m 7.79m 8.30m 8.38m 9.80de 10.81l 16.20l 16.50m 20.10m 20.17l 
Bacillus cereus (BC1) T7 4.83ef 5.81i 7.98l 7.96l 8.37l 8.41l 9.79de 10.80l 16.45k 16.56l 21.34l 21.41k 
Bacillus  subtilis (BCH4) T8 4.58i 5.55n 8.14k 8.10k 8.54k 8.57k 9.86de 10.83k 16.56j 16.78k 22.10k 22.00j 
Pseudomonas aeruginosa (DCP2) T9 4.85ef 5.84h 8.29j 8.26j 8.60j 8.60j 9.99de 10.98j 16.80i 16.94j 23.78j 23.16i 
Pseudomonas fluorescens (MW4) T10 4.83ef 5.80i 8.44i 8.40i 8.85i 8.92i 9.99de 11.11i 17.45h 17.45i 24.25i 24.15h 
Klebsiella pneumoniae  (KP5) + 
Pseudomonas aeruginosa (DCP2) 
T11 4.89e 5.88g 8.54h 8.49h 9.01h 9.00h 10.26de 11.29h 17.45h 18.39h 26.48h 26.18f 
Klebsiella pneumoniae  (KP5)  + 
Bacillus cereus (BC1) 
T12 4.99d 5.98f 9.20g 9.00g 9.06g 9.08g 10.61cde 11.55g 17.67g 18.67g 26.80g 26.03g 
Bacillus cereus (BC1) + Pseudomonas 
aeruginosa (DCP2) 
T13 5.00d 6.01e 9.30f 9.47f 9.12f 9.13f 10.82cde 11.75f 17.76f 18.76f 26.99f 26.90e 
Azotobacter vinelandii (AZCH6) + 
Pseudomonas fluorescens (MW4) 
T14 5.06d 6.05d 9.67e 9.75e 9.16e 9.16e 11.59cde 12.55e 18.47e 19.47e 27.35d 27.15c 
Azotobacter vinelandii(AZCH6)  + 
Bacillus  subtilis (BCH4) 
T15 5.05d 6.05d 9.79d 9.83d 9.19d 9.21d 12.11bcd 13.06d 19.56d 19.75d 27.20e 27.03d 
Bacillus  subtilis (BCH4) + 
Pseudomonas fluorescens (MW4) 
T16 5.15c 6.11c 9.98c 9.94c 9.21c 9.26c 12.67abc 13.67c 19.78c 19.92c 27.87c 27.17c 
Klebsiella pneumoniae  (KP5) + 
Pseudomonas aeruginosa (DCP2)+ 
Bacillus cereus (BC1) 
T17 
6.09b 7.04b 10.06b 10.16b 9.27b 9.30b 13.89ab 14.89b 20.51b 21.51b 28.45a 28.00b 
Azotobacter vinelandii AZCH6)+ 
Bacillus  subtilis (BCH4) + 
Pseudomonas fluorescens (MW4) 
T18 
6.94a 7.87a 10.30a 10.39a 9.31a 9.38a 14.71a 15.66a 20.61a 21.61a 28.20b 28.10a 
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Root dry weight: The increase in root dry weight by 9, 8 and 3.3% over uninoculated 
control at 50, 70 and 130 DAS by the application of Azotobacter sp. (T3) as single 
inoculation was recorded in the 1st year of experiment (2012). Among all the single 
treatments applied, the use of Klebsiella psneumoniae (T5) maximally enhanced the dry 
biomass by 12% at 50 DAS in 2012 and 2013. The dual application of Bacillus subtilis 
and Pseudomonas fluorescens (T16) significantly (P ≤0.05) increased the dry biomass of 
root by 22, 32 and 24% at 50, 70 and 130 DAS respectively over control plant in 2012. 
Moreover, the increase in second year (2013) was found to be 28, 37 and 14% for all the 
three stages of sampling. Among all the combinations applied, the triple treatments of 
T17 and T18 were found most suitable that significantly increases the dry matter in both 
the year over uninoculated and fertilized control (table 28). 
 Shoot dry weight: The dry matter accumulation in the shoot of wheat grown for 50, 60 
and 130 DAS varied among all the inoculations applied. Among single treatments, the 
application of Pseudomonas fluorescens (T10) increased the shoot dry biomass by 26, 43 
and 30% in 2012 and 23, 40 and 30% in 2013 at 50, 70 and 130 DAS respectively over 
uninoculated control. The combination of Bacillus subtilis (BCH4) + Pseudomonas 
fluorescens (MW4) (T16) was found most appropriate among single and dual treatments 
that significantly increased the shoot dry biomass by 52, 56 and 33% in 2012 at 50, 70 
and 130 DAS respectively. The increase in 2013 was 46, 52 and 33% over uninoculated 
control. The application of triple combination (T18) was found better compared to other 
treatments, which significantly (P ≤ 0.05) increase the shoot dry matter by 58, 62 and 
40% at 50, 70, and 130 DAS respectively over uninoculated control in 2012. In 2013, the 
increase recorded was 51, 57 and 40% at all three stages of sampling over uninoculated 
control. In general, the triple combination was found better compared to other treatments 
over uninoculated and fertilized control in both the year of experiment as shown in table 
28. 
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Table 28. Effect of bacterial inoculation on dry weight of wheat plant at 50, 70 and 130 days after sowing. 
 
Mean values in columns followed by a different letters are significantly different (P ≤ 0.05) in Duncan’s multiple range test. *Reference strains used as bioinoculant (IARI, New Delhi, India). 
 
 
 
Bacterial Inoculation 
 Root dry weight (g) Shoot dry weight (g) 
50 DAS 70 DAS 130 DAS 50 DAS 70 DAS 130 DAS 
Year Year Year Year Year Year Year Year Year Year Year Year 
2012 2013 2012 2013 2012 2013 2012 2013 2012 2013 2012 2013 
Uninoculated control T1 1.34j 1.38k 1.95r 1.99o 1.50o 2.50o 6.50q 7.50o 11.40q 12.39p 21.46e 21.40r 
Fertilized control T2 1.39i 1.40j 1.99q 2.03n 1.56m 2.54n 6.90o 7.88n 12.05p 13.06o 23.82de 23.79q 
Azotobacter sp.(IARI)* T3 1.46efgh 1.46h 2.10p 2.10m 1.55m 2.55m 6.84p 7.83n 13.05o 14.03n 21.66e 24.97p 
Pseudomonas sp. (IARI)* T4 1.48def 1.49g 2.16o 2.19l 1.54n 2.54n 6.88o 7.87n 13.07o 14.06n 25.02cd 25.02o 
Klebsiella pneumoniae  (KP5) T5 1.50de 1.50fg 2.18n 2.20l 1.55mn 2.55m 7.25n 8.24m 14.13n 15.14m 26.28bc 26.28n 
Azotobacter vinelandii (AZCH6) T6 1.49de 1.46h 2.20m 2.26k 1.58l 2.58l 7.54m 8.52l 14.17m 15.18m 26.46bc 26.46m 
Bacillus cereus (BC1) T7 1.47defg 1.51f 2.25l 2.30j 1.58l 2.58l 7.66l 8.67k 15.19l 16.20l 27.57ab 27.57l 
Bacillus  subtilis (BCH4) T8 1.39i 1.39jk 2.28k 2.30j 1.60k 2.60k 7.88k 8.88j 15.23k 16.24k 27.61ab 27.61k 
Pseudomonas aeruginosa (DCP2) T9 1.43ghi 1.43i 2.30j 2.33i 1.64j 2.64j 7.98j 8.99i 16.29j 17.30j 27.82ab 27.82j 
Pseudomonas fluorescens (MW4) T10 1.42hi 1.42i 2.34i 2.39h 1.66i 2.67i 8.20i 9.20h 16.34i 17.35i 27.92ab 27.92i 
Klebsiella pneumoniae  (KP5) + 
Pseudomonas aeruginosa (DCP2) 
T11 1.44fgh 1.44i 2.37h 2.40h 1.70h 2.70h 8.48h 9.50g 17.41h 18.42h 28.06ab 28.06h 
Klebsiella pneumoniae  (KP5)  + 
Bacillus cereus (BC1) 
T12 1.46efgh 1.46h 2.40g 2.46g 1.75g 2.75g 8.55g 9.52g 17.46g 18.46g 28.17ab 28.17g 
Bacillus cereus (BC1) + Pseudomonas 
aeruginosa (DCP2) 
T13 1.50d 1.50fg 2.45f 2.49f 1.77f 2.78f 8.89f 9.90f 17.56f 18.56f 28.22ab 28.22f 
Azotobacter vinelandii (AZCH6) + 
Pseudomonas fluorescens (MW4) 
T14 1.49de 1.55e 2.48e 2.55e 1.80e 2.80e 9.12e 10.11e 17.64e 18.62e 28.32ab 28.32e 
Azotobacter vinelandii (AZCH6)  + 
Bacillus  subtilis (BCH4) 
T15 1.57c 1.66d 2.52d 2.65d 1.83d 2.84d 9.56d 10.44d 17.70d 18.69d 28.46ab 28.46d 
Bacillus  subtilis (BCH4) + 
Pseudomonas fluorescens (MW4) 
T16 1.65b 1.77c 2.57c 2.72c 1.86c 2.86c 9.91c 10.92c 17.81c 18.80c 28.55ab 28.55c 
Klebsiella pneumoniae  (KP5) + 
Pseudomonas aeruginosa (DCP2)+ 
Bacillus cereus (BC1) 
T17 
1.78a 1.90b 2.62b 2.80b 2.00b 3.00b 10.15b 11.17b 18.27b 19.29b 29.79a 29.79b 
Azotobacter vinelandii (AZCH6)+ 
Bacillus  subtilis (BCH4) + 
Pseudomonas fluorescens (MW4) 
T18 
1.80a 2.01a 2.65a 2.90a 2.01a 3.01a 10.28a 11.29a 18.50a 19.43a 29.97a 29.97a 
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Tiller number: The application of selected rhizobacterial isolates in the form of 
single, dual and triple combinations results in the increase of tiller number over 
uninoculated plant. The single inoculation of Azotobacter (T3) increased the tiller 
number by 12, 11 and 11% at 50, 70, and 130 DAS over uninoculated control in 2012.  
Similarly in the second year of experiment (2013) the percent increase over 
uninoculated control was found to be 24, 43 and 43% at 50, 70 and 130 DAS 
respectively. Among single treatments the application of Pseudomonas fluorescens 
(T10) was found better which increased the number of tillers by 70, 81.6 and 81.6% at 
50, 70 and 130 DAS respectively over uninoculated plant followed by T9, T8, and T7.   
The dual application of Bacillus subtilis and Pseudomonas fluorescens (T16) 
increased the number of tillers by 7.08, 9.54 and 9.54 at 50, 70 and 130 DAS 
respectively. Among all the treatments the triple combinations (T18) was best which 
significantly increased the number of tillers as shown in table 29. 
Total chlorophyll: The effect of application of microbial inoculation on chlorophyll 
content in the foliage at different stages of sampling (50, 70 and 130 DAS) varied 
among all the treatments. The single inoculation of Azotobacter sp. (T3) increased the 
chlorophyll content by 10, 13 and 3.3% over uninoculated control at 50, 70 and 130 
DAS respectively in the year 2012. Among single treatments the application of 
Pseudomonas fluorescens (T10) maximally increased the chlorophyll content by 36, 
29 and 33 % at 50, 70 and 130 DAS respectively in 2012. Whereas in second year of 
experiment (2013) the increase was found to be 44, 27 and 33% over uninoculated 
control. The dual combination of Bacillus subtilis and Pseudomonas fluorescens (T16) 
enhanced the chlorophyll content by 81, 38 and 53% at all the three stages of plant 
growth in 2012. Whereas the combined application of Klebsiella pneumoniae  (KP5) 
+ Pseudomonas aeruginosa (DCP2)+ Bacillus cereus (BC1) (T17) and Azotobacter 
vinelandii (AZCH6)+ Bacillus  subtilis (BCH4) + Pseudomonas fluorescens (MW4) 
(T18)  showed maximum increase in the chlorophyll content at all the three stages of 
plant growth compared to single and dual inoculations. The triple combination of 
Azotobacter vinelandii (AZCH6)+ Bacillus  subtilis (BCH4) + Pseudomonas 
fluorescens (MW4) (T18) increased the chlorophyll content by 90, 50 and 60% at 50, 
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70 and 130 DAS  compared to uninoculated plant in 2012. In the next year (2013), the 
increase was 92, 57 and 60% at 50, 70 and 130 DAS respectively (table 29). 
Total nitrogen content: The effect of microbial inoculations on nitrogen uptake by 
the whole plant was measured at 50, 70 and 130 DAS.  It was observed that, the 
application of microbial inoculants as single, dual and triple combinations resulted in 
the increase of higher nitrogen uptake compared to uninoculated and fertilised control. 
The single application of Pseudomonas fluorescens (T10) increased the nitrogen 
uptake by 7, 22 and 7% in 2012 and 6, 22 and 8% in 2013 at 50, 70 and 130 DAS 
respectively over unioculated control. In the dual application the maximum increase in 
nitrogen content was observed in Bacillus  subtilis (BCH4) + Pseudomonas 
fluorescens (MW4) (T16) which increased the nitrogen content by 18.74, 16.76 and 
12.74 (mg g-1) at 50, 70 and 130 DAS respectively in 2012. A similar trend to that of 
2012 was also observed in 2013. The maximum increase in the nitrogen uptake in 
wheat plant was observed in triple inoculation of Azotobacter vinelandii (AZCH6)+ 
Bacillus subtilis (BCH4) + Pseudomonas fluorescens (MW4) (T18), which enhanced 
the nitrogen content by 45, 35 and 18% at 50, 70 and 130 DAS respectively in 2012. 
The increase in the second year of experiment (2013) was found to be 46, 36 and 20% 
at 50, 70 and 130 DAS respectively as shown in table 30. 
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Table 29. Effect of bacterial inoculation on tiller number and chlorophyll content of wheat at 50, 70 and 130 days after sowing. 
 
Mean values in columns followed by a different letters are significantly different (P ≤ 0.05) in Duncan’s multiple range test. *Reference strains used as bioinoculant (IARI, New Delhi, India). 
 
 
 
 
Bacterial Inoculation 
 Tiller number (Plant-1) Chlorophyll (mg g-1) 
50 DAS 70 DAS 130 DAS 50 DAS 70 DAS 130 DAS 
Year Year Year Year Year Year Year Year Year Year Year Year 
2012 2013 2012 2013 2012 2013 2012 2013 2012 2013 2012 2013 
Uninoculated control T1 3.50p 3.80j 4.52l 5.62k 4.52l 5.62k 0.98q 0.99r 0.72i 0.75i 0.30f 0.30f 
Fertilized control T2 3.62o 4.77i 6.48k 7.15j 6.48j 7.15j 1.04p 1.06q 0.80h 0.76i 0.31f 0.31f 
Azotobacter sp.(IARI)* T3 3.91n 4.70i 5.03j 8.03i 5.03k 8.03i 1.08o 1.10p 0.82gh 0.80h 0.31f 0.31f 
Pseudomonas sp. (IARI)* T4 4.08m 5.12h 6.53j 8.53hi 6.53j 8.53hi 1.13n 1.15o 0.83gh 0.81h 0.30f 0.30f 
Klebsiella pneumoniae  (KP5) T5 5.22l 6.65fg 6.75ij 8.65ghi 6.75ij 8.65ghi 1.20m 1.25n 0.84gh 0.85fg 0.32f 0.32f 
Azotobacter vinelandii (AZCH6) T6 5.51k 6.60g 6.96i 8.93fgh 6.96h 8.93fgh 1.22l 1.29m 0.87fg 0.89e 0.34f 0.34f 
Bacillus cereus (BC1) T7 5.83j 6.88ef 7.77gh 8.90fgh 7.77gh 8.90fgh 1.28jk 1.30l 0.94bcd 0.90e 0.37e 0.37e 
Bacillus  subtilis (BCH4) T8 5.91i 6.64fg 7.65h 8.73fghi 7.65h 8.73fghi 1.28k 1.35k 0.86fg 0.82gh 0.40de 0.40de 
Pseudomonas aeruginosa (DCP2) T9 5.93i 7.03e 7.62h 9.37efg 7.62h 9.37efg 1.30j 1.39j 0.83gh 0.87ef 0.40de 0.40de 
Pseudomonas fluorescens (MW4) T10 5.95i 7.07e 8.21ef 9.30efg 8.21ef 9.30efg 1.33i 1.43i 0.93cde 0.95d 0.40de 0.40de 
Klebsiella pneumoniae  (KP5) + 
Pseudomonas aeruginosa (DCP2) 
T11 6.22h 7.47d 8.28ef 9.48ef 8.28ef 9.48ef 1.39h 1.49h 0.96bc 0.97cd 0.42cd 0.42cd 
Klebsiella pneumoniae  (KP5)  + 
Bacillus cereus (BC1) 
T12 6.42g 7.48d 8.05fg 9.88de 8.05fg 9.88de 1.45g 1.55g 0.97bc 0.99c 0.43bcd 0.43bcd 
Bacillus cereus (BC1) + Pseudomonas 
aeruginosa (DCP2) 
T13 6.62f 7.65d 8.48e 10.52cd 8.48e 10.52cd 1.55f 1.59f 0.89ef 0.96cd 0.43bcd 0.43bcd 
Azotobacter vinelandii (AZCH6) + 
Pseudomonas fluorescens (MW4) 
T14 6.75e 8.07c 8.85d 10.85c 8.85d 10.85c 1.60e 1.65e 0.91def 0.95cd 0.45abc 0.45abc 
Azotobacter vinelandii (AZCH6)  + 
Bacillus  subtilis (BCH4) 
T15 6.95d 8.12c 9.32c 11.67b 9.32c 11.67b 1.65d 1.69d 0.97bc 0.98c 0.45abc 0.45abc 
Bacillus  subtilis (BCH4) + 
Pseudomonas fluorescens (MW4) 
T16 7.08c 8.65b 9.54bc 11.68b 9.54bc 11.68b 1.77c 1.77c 0.99b 1.09b 0.46ab 0.46ab 
Klebsiella pneumoniae  (KP5) + 
Pseudomonas aeruginosa (DCP2)+ 
Bacillus cereus (BC1) 
T17 
7.25b  8.65b 9.70b 12.08ab 9.70b 12.08ab 1.82b 1.85b 1.06a 1.15a 0.47ab 0.47ab 
Azotobacter vinelandii (AZCH6)+ 
Bacillus  subtilis (BCH4) + 
Pseudomonas fluorescens (MW4) 
T18 
7.64a 9.68a 10.14a 12.70a 10.14a 12.70a 1.86a 1.90a 1.08a 1.18a 0.48a 0.48a 
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Table 30. Effect of bacterial inoculation on nitrogen content of wheat at 50, 70 and 130 days after sowing. 
 
          Mean values in columns followed by a different letters are significantly different (P ≤ 0.05) in Duncan’s multiple range test. *Reference strains used as bioinoculant (IARI, New Delhi, India). 
 
. 
 
Bacterial Inoculation 
Nitrogen content (mg g-1) 
50 DAS 70 DAS 130 DAS 
Year Year Year 
2012 2013 2012 2013 2012 2013 
Uninoculated control T1 14.55e 14.45f 12.52p 12.47q 11.45m 11.22p 
Fertilized control T2 15.49de 15.47ef 13.52o 13.51p 11.65l 11.32o 
Azotobacter sp.(IARI)* T3 15.68de 15.68e 13.68n 13.68o 11.72j 11.62n 
Pseudomonas sp. (IARI)* T4 15.77de 15.77e 13.74n 13.73n 11.69jk 11.67m 
Klebsiella pneumoniae  (KP5) T5 16.07d 16.07e 14.01l 14.01l 11.81i 11.81jk 
Azotobacter vinelandii (AZCH6) T6 16.20d 16.24e 14.18k 14.21k 11.88h 11.83j 
Bacillus cereus (BC1) T7 16.41d 16.43e 14.38j 14.38j 11.78i 11.74l 
Bacillus  subtilis (BCH4) T8 15.92d 15.93e 13.90m 13.89m 11.81i 11.79k 
Pseudomonas aeruginosa (DCP2) T9 15.97d 15.98e 13.94m 13.92m 11.89h 11.84j 
Pseudomonas fluorescens (MW4) T10 15.59de 15.32ef 15.23i 15.22i 12.25fg 12.16i 
Klebsiella pneumoniae  (KP5) + Pseudomonas 
aeruginosa (DCP2) 
T11 17.55c 17.56d 15.51h 15.49h 12.22g 12.21h 
Klebsiella pneumoniae  (KP5)  + Bacillus cereus 
(BC1) 
T12 17.70c 17.72cd 15.70g 15.70g 12.28f 12.26g 
Bacillus cereus (BC1) + Pseudomonas 
aeruginosa (DCP2) 
T13 17.91c 17.93cd 15.91f 15.91f 12.35e 12.32f 
Azotobacter vinelandii (AZCH6) + Pseudomonas 
fluorescens (MW4) 
T14 18.49c 18.49cd 16.41e 16.40e 12.49d 12.43e 
Azotobacter vinelandii (AZCH6)  + Bacillus  
subtilis (BCH4) 
T15 18.53c 18.53cd 16.48d 16.48d 12.50d 12.49d 
Bacillus  subtilis (BCH4) + Pseudomonas 
fluorescens (MW4) 
T16 18.74bc 18.73c 16.76c 16.77c 12.74c 12.69c 
Klebsiella pneumoniae  (KP5) + Pseudomonas 
aeruginosa (DCP2)+ Bacillus cereus (BC1) 
T17 19.85b 19.84b 16.86b 16.87b 13.23b 13.19b 
Azotobacter vinelandii (AZCH6)+ Bacillus  
subtilis (BCH4) + Pseudomonas fluorescens 
(MW4) 
T18 
21.03a 21.12a 16.94a 16.92a 13.50a 13.48a 
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4.11.2. Yield attributes  
Dry biomass: Maximum dry matter accumulation was found in the triple application 
of Azotobacter vinelandii (AZCH6)+ Bacillus  subtilis (BCH4) + Pseudomonas 
fluorescens (MW4) (T18) in 2012 (97.41 g plant-1) and 2013 (97.31 g plant-1). This 
treatment was found significantly better compared to all the treatments in both the year 
of experiment. This treatment was followed by Klebsiella pneumoniae (KP5) + 
Pseudomonas aeruginosa (DCP2) + Bacillus cereus (BC1) (T17) in which dry matter 
accumulation in 2012 and 2013 was 96.11 and 97.09 g plant-1 respectively.  Among 
dual combination the application of Bacillus subtilis and Pseudomonas fluorescens 
(T16), the dry matter accumulation was 94.70 and 94.66 g plant-1 in 2012 and 2013 
respectively. Within single inoculation, the dry matter accumulation was maximum in 
Pseudomonas fluorescens (T10) in both the year of experiment as shown in table 31. 
Ear length: Similarly, the application of different microbial treatments significantly 
(P ≤ 0.05) increased the ear length in both the year of experiment (2012 and 2013). 
Maximum ear length was obtained in treatment T18 [Azotobacter vinelandii (AZCH6) 
+ Bacillus subtilis (BCH4) + Pseudomonas fluorescens (MW4)], which is 14.90 cm in 
2012 and 15.19 cm in 2013. The dual treatment (T16) increased the ear length by 50 
and 53% in 2012 and 2013 respectively over uninoculated plant. Single application of 
Pseudomonas fluorescens (MW4) (T10) increased the ear length by 16.5% in 2012 
and 19% in 2013 as shown in table 31. Maximum increase in the ear length was 
observed in triple combinations followed by dual and single. 
Spikelet number 
The spikelet number of wheat plant showed significant (P≤0.05) increase by the 
application of different microbial inoculants as single, dual and triple treatments. The 
triple application of Klebsiella pneumoniae  (KP5) + Pseudomonas aeruginosa 
(DCP2)+ Bacillus cereus (BC1) (T17) and Azotobacter vinelandii (AZCH6)+ Bacillus  
subtilis (BCH4) + Pseudomonas fluorescens (MW4) (T18) significantly increased the 
spikelet number (ear-1) in both the year (2012 and 2013) over uninoculated control. 
The triple combination of Azotobacter vinelandii, Bacillus subtilis and Pseudomonas 
fluorescens (T18) increased the spikelet number by 78.47 and 78.99 (ear-1) in 2012 
and 2013 respectively. Among single treatments, T10 improved  the spikelet number 
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by 67 and 66.91(ear-1) in 2012 and 2013 respectively compared to  uninoculated plant. 
Whereas, the increase in dual treatment (T16) was 75.28 and 76.19 (ear-1) in 2012 and 
2013 respectively over uninoculated control (table 31). 
Number of grains per ear: In the present study, the number of grains formed (ear-1) 
was increased significantly (P ≤ 0.05) by the application of different bacterial cultures 
compared to uninoculated and fertilised control in both the year of experiment (2012 
and 2013). The dual combination of Bacillus subtilis and Pseudomonas fluorescens 
(T16) significantly increased the grain number per by 25% in both the year of 
experiment (2012 and 2013) compared to uninoculated control. Similarly, the triple 
combination of Azotobacter vinelandii (AZCH6) + Bacillus subtilis (BCH4) + 
Pseudomonas fluorescens (MW4) (T18) maximally increased grain number (ear-1) to 
81.15 (2012) and 82.29 (2013) as depicted in table 31. 
Grain yield 
The grain yield is expressed as grain (plant-1), seed weight (g plant-1) and weight of 
1000 seeds (g). These parameters were positively affected by the application of PGPR 
as single, dual and triple combinations. The triple inoculation of Azotobacter 
vinelandii (AZCH6) + Bacillus subtilis (BCH4) + Pseudomonas fluorescens (MW4) 
(T18) increased the grain yield to maximum level to 972.07 (plant-1) and 980.02 
(plant-1) in 2012 and 2013 respectively over uninoculated control. Similarly, the dual 
inoculation of Bacillus subtilis (BCH4) + Pseudomonas fluorescens (MW4) (T16) 
increased grain yield by 40% in 2012 and 2013 over uninoculated plant. Among single 
inoculation the application of commercial biofertilizer as Azotobacter sp. (T3) and 
Pseudomonas sp. (T4) marginally increased the grain yield by 2 and 3% in 2012 and 
2013 respectively compared to uninoculated control. Whereas the single inoculation 
by T10 maximally increased the grain yield by 7 and 6% in 2012 and 2013 
respectively compared uninoculated plant (table 31). 
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Table 31. Effect of bacterial inoculation on yield attributes of wheat. 
Mean values in columns followed by a different letters are significantly different (P ≤ 0.05) in Duncan’s multiple range test. *Reference strains used as bioinoculant (IARI, New Delhi, India). 
 
Bacterial Inoculation 
Dry biomass  
(g plant-1) 
Ear length 
 (cm) 
Spikelet number  
(Ear-1) 
Number of grains  
( Ear-1) 
Grain yield  
 (Plant-1) 
Year Year Year Year Year Year Year Year Year Year 
2012 2013 2012 2013 2012 2013 2012 2013 2012 2013 
Uninoculated control T1 69.78r 69.23q 9.50l 9.45r 63.55g 64.39q 63.18q 64.00r 614.85r 621.79r 
Fertilized control T2 72.12q 72.55p 9.72kl 9.79q 64.51fg 65.43p 63.99p 65.00q 620.18q 625.22q 
Azotobacter sp. (IARI)*  T3 73.43p 72.55p 9.82jk 9.82p 64.82fg 65.80o 64.27o 65.30p 630.14p 635.11p 
Pseudomonas sp. (IARI)* T4 73.66o 72.64o 9.86jk 9.87o 65.33fg 66.98i 64.68n 65.64o 635.70o 640.66o 
Klebsiella pneumoniae  (KP5) T5 75.24n 75.15n 9.99j 9.98n 65.26fg 66.25m 65.08m 66.00n 645.13n 652.11n 
Azotobacter vinelandii (AZCH6) T6 78.56m 78.44m 10.66i 10.69m 65.70fg 66.66k 67.12l 67.00m 649.48m 655.22l 
Bacillus cereus (BC1) T7 80.33l 81.30l 10.79hi 10.80l 65.54fg 66.49l 68.89k 70.87l 650.13l 655.11m 
Bacillus  subtilis (BCH4) T8 82.49k 81.43k 10.93gh 10.98k 65.99efg 66.98i 69.90j 72.85k 652.28k 656.24k 
Pseudomonas aeruginosa (DCP2) T9 85.67j 86.66j 11.02gh 11.11j 66.13efg 66.11n 70.20i 72.20j 655.70j 658.66j 
Pseudomonas fluorescens (MW4) T10 87.65i 88.66i 11.07g 11.24i 67.00ef 66.91i 72.27h 72.78i 656.90i 659.79i 
Klebsiella pneumoniae (KP5) + 
Pseudomonas aeruginosa (DCP2) 
T11 89.43h 89.87h 11.33f 11.39h 68.32de 71.00h 73.45g 75.40h 681.26h 687.22h 
Klebsiella pneumoniae  (KP5)  + Bacillus 
cereus (BC1) 
T12 90.24g 91.24g 12.54e 12.66g 70.10d 72.61g 73.89f 75.80g 682.08g 688.00g 
Bacillus cereus (BC1) + Pseudomonas 
aeruginosa (DCP2) 
T13 91.62f 92.59f 12.96d 12.98f 72.55c 73.49f 75.07e 77.00f 734.90f 741.80f 
Azotobactervinelandii (AZCH6) + 
Pseudomonas fluorescens (MW4) 
T14 92.79e 92.89e 13.15d 13.24e 73.68bc 74.59e 76.21d 77.29e 780.08e 783.00e 
Azotobacter vinelandii (AZCH6)  + 
Bacillus  subtilis (BCH4) 
T15 93.11d 94.09d 13.95c 14.02d 74.69bc 75.66d 77.42c 79.41d 810.83d 820.87d 
Bacillus  subtilis (BCH4) + Pseudomonas 
fluorescens (MW4) 
T16 94.70c 94.66c 14.21b 14.45c 75.28b 76.19c 79.18b 79.83c 858.03c 864.00c 
Klebsiella pneumoniae  (KP5) + 
Pseudomonas aeruginosa (DCP2)+ 
Bacillus cereus (BC1) 
T17 
96.11b 97.09b 14.90a 14.98b 77.57a 78.40b 79.26b 81.23b 945.08b 952.02b 
Azotobacter vinelandii (AZCH6)+ Bacillus  
subtilis (BCH4) + Pseudomonas 
fluorescens (MW4) 
T18 
97.41a 97.31a 14.90a 15.19a 78.47a 78.89a 81.15a 82.29a 972.07a 980.02a 
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In case of seed weight (g plant-1), single inoculation of Azotobacter marginally 
increased the weight by 0.7 and 0.5% in 2012 and 2013 respectively over 
uninoculated control. Among single treatment the application of Pseudomonas 
fluorescens (T10) significantly enhanced the seed weight by 34.75 (g plant-1) and 
34.84 (g plant-1) in 2012 and 2013 respectively. In case of dual combination the 
application of Bacillus subtilis and Pseudomonas fluorescens (T16) significantly 
increased the weight to 39.65 (g plant-1) and 39.76 (g plant-1) in 2012 and 2013 
respectively compared to uninoculated control plant. The triple combination of 
Azotobacter vinelandii (AZCH6) + Bacillus  subtilis (BCH4) + Pseudomonas 
fluorescens (MW4) (T18) was found better among all the treatments, which 
increased the seed weight by 41.92 g plant-1 and 41.99 g plant-1  in 2012 and 2013 
respectively compared to control (table 32).  
 Similarly, the weight of 1000 seeds (g) was recorded highest in triple combination 
followed by dual and single over uninoculated control. The combination of 
Azotobacter vinelandii (AZCH6) + Bacillus subtilis (BCH4) + Pseudomonas 
fluorescens (MW4) (T18) maximally increased the weight by 29 and 22% in 2012 
and 2013 respectively compared to uninoculated control (table 32). 
Protein content 
The influence of different microbial inoculation on protein content of seed was found 
variable. The maximum seed protein content (215.97 mg g-1) was observed with the 
application of Azotobacter vinelandii (AZCH6)+ Bacillus  subtilis (BCH4) + 
Pseudomonas fluorescens (MW4) (T18) in 2012 and 216.10 mg g-1 in 2013 as 
compared to uninoculated control. The single inoculation of Azotobacter (T3) 
increase the protein content only by 0.06% in 2012 and 2013 respectively compared 
to uninoculated plant. Whereas single inoculation of Pseudomonas fluorescens (T10) 
resulted in 4% increase in 2012 and 2013 compared to control. When the sum of 
mean values of protein content of seed compared, it was observed that, the protein 
content decreased in the following order: triple<dual< single inoculation (table 32). 
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Yield  
The final results of the application of different rhizobacterial isolates in the form of 
single, dual and triple treatments, increased the yield of wheat (Kg ha-1) significantly 
(P≤0.05) in both the year of experiment. Two standard isolates (IARI biofertilizer 
preparations) and 6 isolates strong biofilm forming isolates were assessed for their 
PGP potential on wheat (Triticum aestivum) plant alone and in different 
combinations for two years (2012 and 2013).  Among single inoculation performance 
of Pseudomonas fluorescens (T10) was maximum followed by Pseudomonas 
aeruginosa (T9) and Bacillus subtilis (T8) compared to uninoculated and fertilized 
control. Their performance is better with standard inoculated strains. Among double 
combinations, the Bacillus subtilis (BCH4) + Pseudomonas fluorescens (MW4) 
showed good synergy and enhanced yield of plant compared to all the double and 
single inoculants.  The triple inoculations of Klebsiella pneumoniae  (KP5) + 
Pseudomonas aeruginosa (DCP2)+ Bacillus cereus (BC1) and Azotobacter 
vinelandii (AZCH6)+ Bacillus  subtilis (BCH4) + Pseudomonas fluorescens (MW4) 
increased the yield to the maximum level  compared to all the single and double 
combinations. 
 The maximum yield was recorded among the triple inoculation of Azotobacter 
vinelandii (AZCH6) + Bacillus subtilis (BCH4) + Pseudomonas fluorescens (MW4) 
(T18) which was 6525.84 and 6625.76 Kg ha-1in 2012 and 2013 respectively and 
Klebsiella pneumoniae  (KP5) + Pseudomonas aeruginosa (DCP2)+ Bacillus cereus 
(BC1) (T17), which was 6430.82 and 6530.79 in 2012 and 2013 respectively over 
uninoculated control. The dual treatments of Bacillus subtilis (BCH4) + 
Pseudomonas fluorescens (MW4) (T16) increased the yield by 6345.33 and 6445.29 
Kg ha-1 in 2012 and 2013 respectively.  Among single inoculation the lowest yield 
was recorded in T3 (Azotobacter sp.) and highest in T10 (Pseudomonas fluorescens) 
as shown in table 32. 
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Table 32. Effect of bacterial inoculation on yield attributes of wheat. 
 
 
Bacterial Inoculation  
Seed weight  
(g plant-1) 
Wt. of 1000 seed 
(g) 
Protein content  
(mg g-1) 
Yield  
(Kg ha-1) 
Year Year Year Year Year Year Year Year 
2012 2013 2012 2013 2012 2013 2012 2013 
Uninoculated control T1 31.67m 31.77r 53.08r 54.00q 191.12q 192.12r 5990.52r 6001.48r 
Fertilized control T2 31.81mn 31.88q 53.81q 55.79o 191.17q 192.16q 6015.10q 6034.10q 
Azotobacter sp.(IARI)* T3 31.90mn 31.96p 53.96p 55.89n 191.25p 192.24p 6045.15p 6065.12p 
Pseudomonas sp. (IARI)* T4 31.99mn 31.99o 54.14o 55.10p 191.32o 192.29o 6067.33m 6078.23o 
Klebsiella pneumoniaee (KP5) T5 31.76m 32.45n 54.90n 55.88n 192.44n 192.43n 6070.23l 6088.23n 
Azotobacter vinelandii (AZCH6) T6 32.84l 32.90m 55.03m 56.00m 193.23m 194.22m 6080.49k 6090.43m 
Bacillus cereus (BC1) T7 33.20k 33.25l 56.11l 57.11l 194.45l 194.47l 6052.13o 6152.10l 
Bacillus  subtilis (BCH4) T8 33.79j 33.87k 57.22k 58.24k 196.66k 197.66k 6060.14n 6160.09k 
Pseudomonas aeruginosa (DCP2) T9 34.33i 34.55j 58.66j 59.66i 197.89j 198.87j 6100.14j 6200.09j 
Pseudomonas fluorescens(MW4) T10 34.75h 34.84i 59.45i 59.44j 198.92i 199.91i 6102.14i 6202.10i 
Klebsiella pneumoniae (KP5) + Pseudomonas 
aeruginosa (DCP2) 
T11 34.97h 34.99h 59.87h 59.87h 200.17h 201.17h 6110.20h 6210.24h 
Klebsiella pneumoniae  (KP5)  + Bacillus cereus 
(BC1) 
T12 35.46g 35.55g 60.19g 61.17g 200.70g 201.66g 6150.70g 6250.65g 
Bacillus cereus (BC1) + Pseudomonas 
aeruginosa (DCP2) 
T13 36.46f 36.56f 60.70f 61.66f 202.38f 203.33f 6189.80f 6289.79f 
Azotobacter vinelandii (AZCH6) + Pseudomonas 
fluorescens (MW4) 
T14 37.57e 37.67e 61.90e 62.87e 205.52e 206.53e 6267.35e 6367.37e 
Azotobacter vinelandii (AZCH6)  + Bacillus  
subtilis (BCH4) 
T15 38.68d 38.88d 62.66d 63.66d 208.92d 209.89d 6285.68d 6385.53d 
Bacillus  subtilis (BCH4) + Pseudomonas 
fluorescens (MW4) 
T16 39.65c 39.76c 63.79c 64.77c 210.12c 211.12c 6345.33c 6445.29c 
Klebsiella pneumoniae (KP5) + Pseudomonas 
aeruginosa (DCP2)+ Bacillus cereus (BC1) 
T17 40.22b 40.35b 64.52b 65.51b 214.90b 215.77b 6430.82b 6530.79b 
Azotobacter vinelandii (AZCH6)+ Bacillus  
subtilis (BCH4) + Pseudomonas fluorescens 
(MW4) 
T18 
41.92a 41.99a 65.23a 65.89a 215.97a 216.10a 6525.84a 6625.76a 
Mean values in columns followed by a different letters are significantly different (P ≤ 0.05) in Duncan’s multiple range test. *Reference strains used as bioinoculant (IARI, New Delhi, India). 
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    Figure 100. Experimental sites showing various stages of plant growth under study. 
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Microbes play a key role in the maintenance of soil health by contributing in various 
important processes such as organic matter decomposition, nitrogen-fixation, 
solubilization and immobilization of several major and minor nutrients both in natural 
and agricultural ecosystems. Microbes also play a critical role in suppression of soil 
borne plant diseases, promotion of plant growth (Alexander, 1971; Barea et al., 2005).  
In the last two decades research on plant associated microbes mainly in the 
rhizosphere have been widely studied using culture dependent and culture 
independent techniques. Most important soil bacteria known to promote plant growth 
or protect plant health have been subjected of extensive investigation. Such bacteria 
commonly refer as plant growth promoting rhizobacteria (PGPR). Majority of the 
rhizospheric bacteria characterised so far are numerous and some are used for 
biofertilization and or crop protection since long. Our understanding on the functions 
and activity of such microorganisms is based on various distinct direct and indirect 
mechanisms of action of plant growth promotion (Glick, 2012). However, the 
performance of bacterial inoculants under field conditions is not always consistence 
due to its biological nature, various biotic and abiotic factors influencing their 
survival and root colonization (Martinez-Viveros et al., 2010). 
It is now evident that the compositions of the rhizosphere microbiota are known to be 
directly influenced by plant species. Plant species modulates their root morphology, 
quantity and kind of root exudates, which also play important role in selection of root 
associated microbes (Ladygina and Hedlund, 2010; Philippot et al., 2013). Root 
colonization is a complex process influenced by nature of microbes, plant, biotic and 
abiotic factors of soil environment (Benizeri et al., 2001). Therefore understanding 
bacteria-root interactions under natural condition will be helpful in improving 
effective root colonization by PGPR.  
Research in the last few years clearly demonstrated that bacteria exist under natural 
conditions behaves mostly in multicellular style as biofilms (Beauregard et al., 2013). 
A large number of bacteria associated with plants both pathogenic and non-
pathogenic including PGPR were found to form biofilm on plant surfaces (Danhorn 
and Fuqua, 2007; Haggag and Timmusk, 2008; Chen et al., 2012; Zhang et al., 2014). 
However, our understanding on biofilm associated with plants under natural 
conditions is in the stage of infancy (Burmolle et al., 2014). 
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It is expected that the ability of PGPR to form biofilm on root may provide clear 
benefit to plants through improved root colonization as well as for their own survival 
under stress conditions. Therefore, in this study commonly known rhizobacteria such 
as Pseudomonas, Bacillus and asymbiotic nitrogen fixers (Azotobacter sp. and 
Klebsiella sp.) were selectively isolated from rhizospheric soil and considered in this 
study for their ability to form biofilm and their plant growth promoting potential. We 
screened more than 300 isolates and selected 85 isolates based on the presence of at 
least one plant growth promoting traits (IAA production/phosphate solubilization). 
The selected isolates were tentatively identified based on their biochemical 
characteristics and some by 16S rRNA gene sequence analysis. The major groups of 
bacteria under study include Pseudomonas (40), Bacillus (25), Azotobacter (12) and 
Klebsiella (08). The biochemical characteristics of above rhizobacteria showed typical 
characteristics as reported in literature and  Manual of Determinative 
Bacteriology (Holt et al., 1994) which form the basis of their tentative identification. 
In the present study, the viable plate count of above bacterial groups varied from plant 
to plant as well as from location to locations. These variations could be due to various 
factors like stages of plant development, soil conditions, plant genotypes, composition 
of  root exudates, enzymes and  moisture content of soil (Ahmad, 2006; Berg and 
Smalla, 2009; Bulgarelli et al., 2013). Isolation of such microbes from rhizospheric 
soils indicates their common occurrence in the soil of Aligarh. Many workers reported 
the isolation of Pseudomonas, nitrogen fixers, Bacillus and other rhizobacteria from 
rhizospheric soils of various crops from same geographic regions (Ahmad et al., 
2006, 2008a; Ahmed and Khan, 2011) as well as from other parts of the world (Fisher 
et al., 2010; Baldani et al., 2014)  
5.1. In vitro biofilm formation by rhizobacteria 
Biofilm forming ability by rhizobacteria on abiotic and plant surfaces have been under 
investigation in recent years. In vitro biofilm formation by test rhizobacterial isolates 
of Pseudomonas, Bacillus, Azotobacter and Klebsiella sp. was evaluated in 96 well 
polystyrene microtiter plate. Interestingly majority of the isolates demonstrated 
varying level of biofilm formation as indicated by their OD590. These isolates could be 
distinguished as strong and moderate biofilm former. In vitro biofilm formation 
ability have been documented by various workers on Pseudomonas, Bacillus and 
Klebsiella isolates of clinical and environmental origin (Head and Yu, 2004; Stahlhut 
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et al., 2012; Beauregard et al., 2013). However, such reports on Azotobater sp. are not 
available to the best of our knowledge. Variation in biofilm formation within the same 
species is also evident. This variation is probably due to the specific attributes of 
isolates (Lopez et al., 2010). Some strong biofilm former were subjected to further 
biofilm characterisation exhibiting desired PGP traits as discussed later in this section.  
5.2. Tolerance to salt, antibiotics and heavy metals 
The presence of tolerance mechanisms among rhizobacterial isolates against different 
environmental factors and toxic substances play an important role in their survival in 
different ecological niche and stress conditions.  In the present study, rhizobacteria 
were evaluated for their tolerance to salt, antibiotics and heavy metals.  
It is now common knowledge that worldwide the cultivated agricultural crops, soil 
and soil inhabiting microbes are under severe influence of salinity due to marginal 
irrigation water, excessive fertilization and desertification process, which could 
substantially decrease crop productivity (Ramadoss et al., 2013). It is supposed that 
salt tolerant bacteria can mitigate the adverse effect of salinity by providing tolerance 
to plant (Tiwari et al., 2011). Moreover, the salt tolerant microbes can persist and 
compete better for colonization sites compared to salt sensitive microbes under salt 
stress conditions. In this study we found that Bacillus was more tolerant to salt in vitro 
compared to isolates of Pseudomonas, Azotobacter and Klebsiella. About 88% of 
Bacillus isolates tolerated 6% NaCl concentration in nutrient medium compared to 
Pseudomonas (72.5%) and nitrogen fixers (25%). The study provides a preliminary 
idea about intrinsic potential of these isolates to tolerate NaCl. However, this level of 
tolerance cannot be directly compared with the tolerance in soil conditions. Varying 
level of salt tolerance by rhizobacteria has also been documented in literature (Abo-
amer et al., 2015).  
Resistance to antibiotics is widespread in both environmental and clinical isolates. 
However, soil bacteria showed great variations in their sensitivity to various 
antibiotics. These variations sometimes also prove helpful in making fine distinctions 
of the strains of same species (Antoun et al, 1982; Ahmad and Beg, 2001). All 85 
isolates understudy were tested for resistance to common antibiotics by disc diffusion 
method. Among Pseudomonas isolates resistance was found maximum against 
ampicillin (95%) followed by cefuroxime, vancomycin, chloramphenicol and other 
antibiotics. In case of Bacillus isolates maximum resistance was observed against 
nalidixic acid and cefuroxime (28% each). Similarly, for nitrogen fixers (Azotobacter 
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sp. and Klebsiella sp.) maximum resistance was observed against ampicillin (65%) 
followed by cefuroxime, kanamycin and rifampicin. Our results are comparable with 
the reports of other workers (Yasmin et al., 2004 Abo-amer et al., 2015) who have 
demonstrated various level of antibiotic resistance among Azospirillum, Azotobacter, 
Bacillus and Pseudomonas and Azotobacter vinelandii. Antibiotic resistance profile 
can be used as markers for the identification of introduced bacteria under field studies. 
The variations observed for antibiotic resistance among the different isolates might be 
due to the differences in the sources of isolation, ecological conditions, exposure of 
rhizobacteria to the prevailing various stress conditions, and by the presence and 
absence of resistance mechanisms both intrinsic and extrinsic (Ahmad et al., 1994; 
Spain and Alm, 2003). Some of the isolates showed resistance to multiple antibiotics 
mainly in Pseudomonas and some other isolates. Multiple antibiotic resistance is an 
apparent indication of plasmid mediated drug resistance (Ramirez et al., 2014).  
Generally, heavy metals are considered toxic to microorganisms. These metals exert 
their harmful effects by blocking essential functional groups, displacing essential 
metal ions, or modifying the active conformations of biological molecules (Nies, 
1999). However, at low concentrations, biogenic heavy metals play a vital role as 
“trace elements” in several biochemical reactions of microorganisms (Nies, 1999). 
Tolerance to heavy metals was evaluated in terms of MIC values against test bacteria.  
In the present study, Pseudomonas isolates showed high level of tolerance (2048 µg 
ml
-1
) against Pb, Ni, Co, Cu and Cd. While they were less tolerant to Hg. Whereas, 
Bacillus isolates showed relatively low level of tolerance to Cd, Cu, Co and Hg 
compared to Pseudomonas. On the other hand, nitrogen fixers showed comparatively 
more tolerance level against Hg compared to Pseudomonas and Bacillus. Tolerance to 
heavy metals among rhizobacteria has been reported by various workers (Abo-Amer 
et al., 2014; Wang et al., 2015). The tolerance limit and variation in resistance pattern 
in the test bacteria is expected due to their different nature, intrinsic resistance 
mechanisms and possibly presence of specific resistance mechanism (Tsezos, 2009). 
Tolerance to metal and antibiotics some time showed close relationship as in many 
bacteria both resistance gene may be located on plasmid of bacteria (Frost et al., 
2005). The ability to tolerate heavy metals provide these bacteria an added advantage 
over others, which help plants to withstand abiotic stress (Saharan and Nehra 2011) 
can survive better under contaminated soil environments (Ma et al., 2011). 
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5.3. Plant growth promoting activities of rhizobacteria 
Presence of one or more specific plant growth promoting traits and its production 
level in vitro among rhizobacteria provide a sound basis of their potential to promote 
plant growth. Production of IAA, solubilization of phosphate, siderophore, 
exopolysaccharides production and antifungal activities were analysed in test isolates. 
5.3.1. IAA production 
Microbially produced plant growth regulators are widely known for their contribution 
in promoting plant growth (Arshad and Frankenberger, 1993). Indole acetic acid 
(IAA) is one of the main physiologically active auxins produced by PGPR. IAA is a 
product of L-tryptophan metabolism secreted by various microbes especially PGPR 
(Lynch, 1985). This metabolite is derivative of many tryptophan dependent and 
tryptophan independent pathways in microorganisms and plant. The microbes are 
reported to harbour more than one pathway (Pattern and Glick, 1996). IAA benefits 
the plants by increasing the root length with enhanced root hairs and development of 
lateral root systems which increases the nutrient uptake (Datta and Basu, 2000). 
Moreover, IAA encourage cell elongation by increasing osmotic content of the root 
cell, increasing the water permeability into the cell, decreasing cell wall pressure and 
enhancing the development of cell wall synthesis. Moreover it plays significant role in 
gametogenesis, embryogenesis, delays abscission of leaves, promotes seedling 
growth, flowering and fruiting (Zhao, 2010). Further, it has been reported that besides 
these physiological roles, IAA also work as signalling molecules and influence gene 
expression among microbes (Spaepen and Vanderleyden, 2011). PGPR isolated from 
different crops have potential to secrete IAA as secondary metabolites due to the 
sufficient availability of substrates.   
In the present study, IAA and IAA like compounds are produced by majority of the 
test rhizobacterial isolates belonging to three different groups [Pseudomonas, Bacillus 
and nitrogen fixers (Azotobacter sp. and Klebsiella sp.)] in the presence of tryptophan. 
The quantity of IAA produced by all the rhizobacterial isolates increased with the 
increasing concentration of tryptophan (50, 100, 200, 400 and 500 µg ml
-1
) used as 
precursor molecule. Similar, tryptophan concentration dependent production of IAA 
among the isolates of Pseudomonas, Azotobacter and Bacillus were also reported by 
other workers (Arshad and Frankenbarger, 1993; Ahmad et al., 2005; 2008a; Colo et 
al., 2014). However, a fair number of isolates also produced IAA in the absence of L-
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tryptophan. It is expected that tryptophan available in the plant root exudates might be 
helpful in the enhanced production of IAA and plant-microbe interactions (Kamilova 
et al., 2006; Kravchenko et al., 2011). IAA production by test isolates is an important 
direct activity of PGPR for promoting plant growth.  Quantitative estimation of IAA 
is found helpful in selecting most promising isolates from each group. Variation in 
intrinsic capacity to produce IAA is dependent on the nature of organism and 
biosynthesis mechanism involved (Goswami et al., 2016).  
5.3.2. Phosphate Solubilization 
Phosphorus (P) is the second most important macronutrient involved in plant growth 
and development, after nitrogen. It plays a key role in virtually all major metabolic 
processes in plants, such as photosynthesis, energy transfer, signal transduction, and 
respiration (Plaxton and Tran, 2011) and nitrogen fixation in legumes (Saber et al., 
2005). Although, significant amount of phosphorus is available in soils both in 
organic and inorganic forms. It is the main nutrient that hindered the plant growth 
because of its very limited bioavailability. To mitigate the problem of phosphate 
deficiency, phosphate fertilizers are used in agriculture soils, but majority of the 
applied phosphate is precipitated and only a marginal amount is accessible for plant 
(Sharma et al., 2013). Moreover, the constant and injudicious use of chemical 
phosphatic fertilizers, not only results in loss of soil fertility, but it also upset the 
microbial diversity (Gyaneshwar et al., 2002). The long term application of 
phosphatic fertilizers severely affects various microbial activities also (Bolan et al., 
1996).  Plants can absorb on their own only mono and dibasic phosphate, but the 
organic and insoluble forms of phosphate need to be solubilised by plant growth 
promoting rhizobacteria (Richardson et al., 2009; Ramaekers et al., 2010).  
In the present study, the rhizobacterial isolates were screened for their phosphate 
solubilising activity using both solid and liquid Pikovskaya medium. Majority of the 
isolates belonging to Pseudomonas, Bacillus and nitrogen fixers (Azotobacter sp. and 
Klebsiella sp.) showed noticeable phosphate solubilising activity on Pikovskaya agar 
medium. Based on zone of solubilisation on solid medium certain isolates were 
identified as most promising which includes DCP2, MW4 BCH4, BC1, AZCH6, and 
AZCH7.  Our results on phosphate solubilisation in solid medium are similar to the 
report of other workers (Rana et al., 2011; Colo et al., 2014 and Souza et al., 2013), 
which also reported the solubilisation of phosphate on solid medium among the 
isolates of genera Providencia, Brevundimonas, Pseudomonas, Bacillus, Azotobacter, 
 186 
Agrobacterium, Burkholderia, and Enterobacter. Moreover, these rhizobacterial 
isolates were also assayed for their ability to solubilised phosphate in liquid medium 
at different time of incubation. Majority of the isolates solubilised maximum 
phosphate on 7
th
 day of incubation. However some isolates indicated highest 
solubilisation on day 5
th
. After attaining maximum level of phosphate solubilisation, 
in majority of the isolates the solubilisation decreases with further incubation as 
evident from the data estimated on day 11
th
. Similar pattern of phosphate 
solubilisation among Bacillus, Pseudomonas,  Burkholderia, Chryseomonas sp. 
Aeromonas spp., Acinetobacter sp., Vibrio spp., Pasteurella sp., Alcaligenes sp., 
Chromobacterium sp., Chryseobacterium sp., Agrobacterium sp. Stenotrophomonas 
sp. were  also reported by other workers (Muleta et al., 2013; Kumar et al., 2014a). 
The explanation behind this trend may be related to the fact that when the rate of 
uptake of phosphorus is greater than that of solubilisation, a reduction in phosphate 
concentration in the broth medium might be observed. On the other hand, when the 
rate of uptake declines, the concentration of phosphate in the broth medium rises 
(Rodriguez and Fraga 1999). Moreover, the reduction in phosphate solubilisation in 
the final period of incubation could be due to low solubilising activity of microbes or 
enhanced phosphate absorption. The mechanism of phosphate solubilisation by 
bacteria could be due to production of organic acids and enzymes production (Gaur 
and Gaind, 1999; Ahmad et al., 2008a; Khan et al., 2007). Isolates with high level of 
phosphate solubilisation activity are considered as promising isolates in plant growth 
promotion. 
5.3.3. Siderophore production 
Siderophores are small peptides molecules with side chains and functional groups 
which provide a high affinity set of ligands that bind with ferric ions. Siderophore 
production is an important trait, expressed by rhizobacteria to enhance plant growth. 
Siderophore increases plant growth both by the direct and indirect mechanism. The 
direct mechanism involves the supply of iron to plants and indirectly by binding with 
the iron strongly making them unavailable to phytopathogens (Glick, 2012). In this 
study, the siderophores production was evaluated both qualitatively and quantitatively 
using CAS agar and ethyl acetate extraction method respectively. The qualitative 
assay revealed the formation of orange-yellow halo on CAS agar medium. Out of the 
85 selected test isolates, majority of the isolates (80) produced siderophore. High level 
of incidence might be due to biased selection of isolates under study. The maximum 
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halo was observed among Pseudomonas (DCP2, DCP8 and MW4) followed by 
nitrogen fixers (AZCH6, AZCH8) and Bacillus isolates (BCH4 and BC1). Similar 
results related to siderophore production on CAS agar medium among the isolates of 
Azotobacter, fluorescent Pseudomonas, Mesorhizobium, Bacillus, Providencia, 
Brevundimonas, Agrobacterium, Burkholderia, and Enterobacter, were also reported 
by Rana et al. (2011); Souza et al. (2013).  Whereas, the quantitative assay revealed 
the production of varied level of salicylate and benzoate type of siderophores. 
Pseudomonas isolates produces the maximum amount of salicylate and benzoate type 
of siderophores. Whereas, majority of Bacillus isolates produced low amount of both 
types of siderophores. Among nitrogen fixers the maximum amount of siderophore 
was recorded in isolate KP5 (salicylate type- 33.60 µg ml
-1
) and (benzoate type-
16.63µg ml
-1
). Moreover, it was observed that the level of salicylate types of 
siderophores is higher compared to benzoate type of siderophores among all the 
bacterial isolates. Similar results of siderophore production among free living PGPR 
was also reported by other workers (Sharma and Johri, 2003; Dey et al., 2004; Tariq 
et al., 2010; Goswami et al., 2015).  
 5.3.4. Exopolysacchrides production 
The production of exopolysacchrides was assayed using basal medium. In our study it 
was observed that all the rhizobacterial isolates produced substantial amount of 
exopolysacchrides which varied from isolate to isolate. Moreover, our study also 
demonstrated that rhizobacterial isolates with strong biofilm forming capability also 
produced higher amount of exopolysacchrides compared to moderate biofilm formers.  
Exopolysacchrides production by rhizobacterial isolates is considered an important 
PGPR trait. It is believed that exopolysaccharides production will offer protection to 
bacteria from stress condition and help in root colonization (Vlamakis et al., 2013). 
Moreover, it was also reported that exopolysacchrides producing PGPR can induce 
drought tolerance in plants (Naseem and Bano, 2014).  Bacterial exopolysacchrides 
play an important role in biofilm formation and other biofilm related traits like it help 
in formation of stable microbial colonies, mediate bacterial interactions and horizontal 
gene transfer (Flemming and Wingender, 2010). Moreover, exopolysaccharides have 
water retaining and adhesive character and play a significant role in stabilization of 
soil aggregates and the regulation of nutrients and water flow across plant roots 
through biofilm formation (Tisdall and Oades, 1982; Roberson and Firestone, 1992; 
Timmusk and Nevo, 2011). Yi et al. (2008) reported the role of exopolysaccharides in 
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phosphate solubilisation. In his study, he reported that three phosphate solubilising 
and exopolysaccharides producing bacteria (Enterobacter sp. EnHy-401, 
Arthrobacter sp.ArHy-505 and Azotobacter sp.AzHy-510) can solubilise phosphate 
more strongly compared to isolate Enterobacter sp.EnHy-402 (non- 
exopolysaccharides producer).  
5.3.5. Antifungal activity of rhizobacterial isolates  
Biocontrol activity of PGPR is an indirect activity which might be helpful in 
controlling various plant pathogens and thus protects plant health. An in vitro study 
on antifungal activity of rhizobacterial isolates [Pseudomonas, Bacillus and nitrogen 
fixers (Azotobacter sp. and Klebsiella sp.)] against five potential phytopathogenic 
fungi (Aspergillus niger, Fusarium oxysporum, Fusarium solani, Fusarium ciceri, and 
Alternaria alternata) was assayed using dual culture assay. Among, all the 
phytopathogens tested, Fusarium oxysporum was found to be most sensitive strain 
compared to Alternaria alternata. The variations observed in the antifungal activity 
among the tested rhizobacterial isolates might be due to the production of varying 
level of secondary metabolites. The antifungal activity exhibited by Pseudomonas 
isolates could be due to the production of wide variety of secondary metabolites such 
as antibiotics, chitinolytic enzymes, siderophores, HCN and catalase (Bano and 
Musarrat, 2003; Saharan and Nehra, 2011). Similarly, some of the Bacillus isolates 
also inhibited the growth of all the six phytopathogenic fungi. Similar results, of 
antifungal activity of Pseudomonas, Bacillus spp. and nitrogen fixers (Azotobacter sp. 
and Klebsiella sp.) were also reported by other workers (Chetverikov and Loginov, 
2009; Beneduzi et al., 2012; Wang et al., 2015).  
5.4. PGP activity based typing of rhizobacteria 
Based on the presence of one or more PGP activities in various combinations, the 
rhizobacteria under study were grouped into different PGP types. These typing 
provide useful information on isolates with promising multiple PGP traits. It is 
expected that PGPR harbouring multiple desired traits will have more probability of 
effective expression under field conditions as the traits expressed in vitro may not be 
necessarily effectively expressed in vivo (Ahmad et al., 2008a). In the recent years a 
number of reports published indicating the presence of multiple PGP traits in single 
isolates of Azotobacter, Bacillus, Pseudomonas and other PGPR (Rana et al., 2011; 
Pindi  et al., 2014; Majeed et al., 2015; Kumar et al., 2016). We have grouped the 85 
isolates based on screening. Pseudomonas were grouped in 13 PGP types, followed 
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by Bacillus which was grouped into nine (09) PGP types and nitrogen fixers were also 
grouped in 09 PGP types. These observations also demonstrated that physiologically 
Pseudomonas spp. is more diverse in nature compared to Bacillus spp. and nitrogen 
fixers (Azotobacter sp. and Klebsiella sp.). 
PGPR are subjected to extensive studies includes mainly root associated and certain 
endophytic bacteria (Kleopper et al., 1999) which increases the plant growth through  
direct and indirect mechanisms. The most important plant growth promoting effect of 
rhizobacteria is to make the availability of different compounds secreted by bacteria 
to plants that increases the growth directly. Indirectly, rhizobacteria promote plant 
growth by reducing the population of phytopathogens, production of antibiotics, cell 
wall degrading enzymes, induced systemic resistance and competition for 
colonization sites on plants (Bhattacharyya and Jha 2012; Glick, 2012). Therefore, we 
evaluated the plant growth promoting (PGP) potential of rhizobacteria belonging to 
three distinct groups i.e. Pseudomonas, Bacillus and nitrogen fixers (Azotobacter sp. 
and Klebsiella sp.). The heterogeneity of PGPRs consist the members of 
Agrobacterium, Arthrobacter, Azotobacter, Azospirillum, Bacillus, Burkholderia, 
Caulobacter, Chromobacterium, Erwinia, Flavobacterium, Micrococcous, 
Pseudomonas, Serratia, Allorhizobium, Azorhizobium, Bradyrhizobium, 
Mesorhizobium, and Rhizobium of the family Rhizobiaceae (Bhattacharyya and Jha, 
2012). However, agricultural soils in many regions of India have not yet been deeply 
profiled for native PGPR.  
5.5. Effect of test rhizobacterial isolates on seed germination and seedling growth 
After in vitro screening the test rhizobacteial isolates for their multiple plant growth 
promoting activities. These isolates were assayed for their effect on seed germination 
and seedling growth of wheat (var. PBW-343) and chickpea (var. Avrodhi) in vitro. 
This experiment furnished information about the initial plant growth promoting 
effects of these isolates. The data obtained on seedling growth of wheat revealed that 
the isolates of Pseudomonas, Bacillus and nitrogen fixers belonging to group II 
increases the percent seed germination, root and shoot length more compared to group 
I isolates over uninoculated control. Similarly, in case of chickpea, the group II 
isolates were found to be more effective in increasing seed germination, root and 
shoot length compared to uninoculated control. Although other PGP activities could 
have positively influenced the growth of wheat and chickpea seedlings, auxin 
production by the isolates seems to be a major means of attaining growth promotion.  
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5.6. Biofilm strengths of selected PGPR on glass surface  
Based on plant growth promoting traits among rhizobacteria belonging to strong and 
moderate biofilm forming groups. Representative of each group belonging to 
Pseudomonas, Bacillus and nitrogen fixers (Azotobacter sp. and Klebsiella sp.) were 
selected for further study. The selected PGPR were identified by 16S rRNA partial 
gene sequence analysis and found as Pseudomonas aeruginosa DCP2, Pseudomonas 
fluorescens MW4, Pseudomonas sp. PQ1, Pseudomonas fluorescens WS1, 
Pseudomonas boreopolis PB5, Bacillus cereus BC1, Bacillus subtilis BD6,  Bacillus 
subtilis BCH4, Klebsiella pneumoniae KP5, Azotobater vinelandii  AZCH6. 
The above characterised isolates and some biochemically identified isolates (DCP4, 
MW3, BC5, BD6, KP4 and AZCH5) were included to determine their biofilm 
strength on glass coverslip. Biofilm formed by above isolates were subjected to light 
and confocal laser scanning microscopy. A direct correlation was observed between in 
vitro polystyrene microtitre plate based screening and coverslip biofilm forming 
ability. Majority of the strong biofilm former detected in microtiter plate could also 
form dense biofilm compared to moderate biofilm former. Production of EPS matrix 
further indicates their biofilm characteristic on glass coverslip. Such observation has 
been recorded by various workers on several bacteria including Pseudomonas, 
Bacillus of clinical and environmental origin (Lee et al., 2007; Deligianni et al., 
2010). 
Confocal microscopy examination of biofilm formed by these isolates depicted their 
3D structure. Presence of EPS surrounded cells adhered to glass surface in the form of 
microcolonies established biofilm. These isolate formed biofilm of varying thickness 
as evident by Z-stack analysis. Among all the isolates maximum thickness of biofilm 
was observed in Bacillus subtilis BCH4 (26.54 μm),  followed by Pseudomonas 
fluorescens MW4 (19.29 μm), Azotobacter vinelandii AZCH6 (17.33 μm), Klebsiella 
pneumoniae KP5 (15.60 μm), Pseudomonas aeruginosa DCP2 (5.49 μm) and Bacillus 
cereus BC1 (5.07 μm). Our findings clearly demonstrated that the above isolates are 
capable of forming strong biofilm on abiotic surface such as glass surface. Such 
reports of biofilm characterised by PGPR are less commonly studies from Indian 
isolates. However, our studies are in agreement with the work reported by 
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international laboratories (Fujishige et al., 2006; Martınez-Gil et al., 2012; Amaya-
Gómez et al., 2015). 
5.7. Colonization of selected rhizobacteria and their Rif
r 
mutant in sterile and 
unsterile soil 
It is believed that adhering and in vitro biofilm forming ability of rhizobacteria may 
help in root colonization. Therefore, we further evaluated the root colonizing ability 
of above PGPR on plant root using conventional methods both in sterile and unsterile 
soil-pant system by seed bacterisation process. For the sake of convenience the 
spontaneous Rif
r
 mutant of each parent isolate was selected by sequential exposure of 
rifampicin and such derivatives strains was used under unsterile soil-plant system. 
While for sterile normal parent isolates were used. Two plant system, wheat and 
chickpea were employed. 
Root colonization is a fundamental step not only in the pathogenesis of soil microbes 
but also in the employment of microorganisms for beneficial purposes (Benizeri, et 
al., 2001). PGPR normally promotes the plant growth by establishing themselves on 
plant root and suppress the colonization or elimination of the pathogenic 
microorganisms and enhance plant growth by various PGP activities. 
The approaches applied for the study of root colonization depends mainly on the aim 
of experiment, bacterial characteristics and availability of techniques. The study of 
root colonization experiments comprises the inoculation of seeds with target bacterial 
culture and uprooting the plant for enumeration of bacterial population in rhizoplane 
and rhizosphere. Tracking of introduced bacteria into complicate systems like 
rhizosphere, need the capability to differentiate them from native microbes. 
Therefore, markers employed for this goal should contain certain characterises such as 
specificity and stability. The specific molecular markers are used in ecological studies 
on the introduced bacteria (Krzyzanowska et al., 2012; Bonaldi et al.,  2015). In the 
absence of molecular characterised or introduced marker, we use rifampicin antibiotic 
as marker for colonization studies by plate count method, routinely used by several 
workers as conventional method (Glandorf et al., 1992; Gamalero et al., 2003; 
Schreiter et al., 2014). 
 In this study, spontaneous Rif
r 
mutant of the selected PGPR with strong and moderate 
biofilm forming ability and their respective parents were used for their survival and 
colonization on rhizoplane and rhizosphere of wheat and chickpea. Rif
r 
mutant were 
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studied under non-sterile soil whereas the parent isolates studies were performed in 
sterile soil. 
The colonization data in term of CFU g
-1 
root and CFU g
-1 
rhizopsheric
 
soil of Rif
r 
mutant obtained at different time intervals (15, 30 and 45 DAS) for rhizoplane and 
rhizosphere of wheat revealed that the introduced isolates with strong biofilm forming 
ability survive and colonized relatively better compared to their moderate biofilm 
former counterpart on the root surface and rhizosphere. A similar result to that of 
wheat also observed in chickpea for Rif
r 
mutants with strong biofilm forming ability. 
Similarly, the parent isolates were also checked for their colonization potential in 
sterile soil. The CFU count obtained demonstrated the better colonization potential of 
strong biofilm former compared to control (moderate biofilm former). Based on the 
preliminary data it is evident that these isolates have not shown any significant host 
specific association and are effective in the rhizoplane and rhizosphere of two plants. 
However, further investigation using more direct approach exploiting molecular 
techniques are needed to finally conclude their comparative efficacy in root 
colonization under non-sterile soil (Ahmad et al., 2011). However, this approach 
provided useful information on root colonization potential. Many other workers has 
used this approach to establish the root colonization of introduced bacteria (Ahmad, 
2006; Hassen and Labuschagne, 2010; Shahid et al.,  2012).  
5.8. Biofilm formation on root surface by selected rhizobacteria 
The encouraging data obtained on root colonization by selected PGPR, it was further 
decided to assess the root adherence, colonization and biofilm formation by above 
rhizobacteria by direct exposure of aseptically grown seedlings to bacterial cultures 
using SEM and CLSM. This approach have been recommended and used for such 
study in the recent years by many workers (Haggag and Timmusk, 2008; Robledo et 
al., 2012; Zhao et al., 2015). The bacterial culture belonging to strong biofilm group 
includes (DCP2, MW4, BC1, BCH4, KP5 and AZCH6) and moderate biofilm 
forming group (DCP4, MW3, BC5, BD6, KP4 and AZCH5). 
In our study, the SEM images of wheat and chickpea seedling roots obtained after 
inoculation revealed the robust biofilm formation compared to bacteria of moderate 
biofilm group. But in case of chickpea, the two isolates Bacillus cereus BC1 and 
Azotobacter vinelandii AZCH6 and their corresponding moderate biofilm former 
formed similar level of biofilm on root surface. Similar pattern of biofilm formation 
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was also observed when inoculated wheat and chickpea seedlings were stained with 
acridine orange and viewed under confocal laser scanning microscopy.  
The findings also revealed that direct exposure of bacterial cultures as in the case of 
BC5 and AZCH5 (moderate biofilm former on glass surface) could effectively adhere 
to root system of chickpea and develops into microcolonies and biofilm similar to 
strong biofilm former. This variation might be due to the ability of isolate to adhere 
and from biofilm might be different or same on abiotic and biotic surfaces (Yousef-
Coronado et al., 2008). While comparing the SEM images for the robustness of 
biofilm formed by these isolates on the root surface of wheat, the robustness of 
biofilm decreased in the following order: Azotobater vinelandii AZCH6 < Bacillus 
subtilis BCH4 < Pseudomonas fluorescens MW4 < Klebsiella pneumoniae KP5 < 
Bacillus cereus BC1 < Pseudomonas aeruginosa DCP2. Whereas in case of chickpea, 
the level of biofilm robustness is in the order of Azotobater vinelandii AZCH6 > 
Bacillus subtilis BCH4 > Bacillus cereus BC1> Klebsiella pneumoniae KP5 > 
Pseudomonas fluorescens MW4 > Pseudomonas aeruginosa DCP2.  Several other 
workers used the SEM and CLSM for direct observation of colonization and biofilm 
formation on root surface of other plants (Walker et al., 2004; Timmusk et al., 2005; 
Haggag and Timmusk, 2008; Zhao et al., 2015).  
Biofilm formation on both biotic and abiotic surfaces mainly related to environmental 
and medical has been the subject of research in the past (Hall-Stoodley et al., 2004). 
The study of bacterial biofilm formation on plant surfaces, especially root surfaces, 
has not yet been explored fully (Haggag and Timmusk, 2008; Timmusk et al., 2011). 
Biofilm formations are the most widespread expression of the collective behaviour of 
bacteria. Such behaviour provides adaptive strategies during severe environmental 
stress conditions which can also result in the differentiation of non-specific cells into 
specialized lines for performing different unique functions not exhibited by single 
cells (Morris and Monier, 2003; Guttenplan and Kearns, 2013). The formation of 
microcolonies and biofilms on plant surfaces is associated with the processes of 
attachment of bacterial cells and production of EPS (Vlamakis et al., 2013). However, 
under natural conditions various other factors influence the biofilm formation on plant 
surfaces such as bacterial traits, plant and soil environment (Eberl, et al., 2007; 
Timmusk and Nevo, 2011). 
In the last decade, it has been increasingly demonstrated that the biofilm mode of 
bacterial growth in association with the plant surface provides protection from 
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predation, improved acquisition of nutrients, gene exchange and protection from 
exposure to toxic chemicals (Morris
 
and Monier, 2003; Lopez et al., 2010; Bogino et 
al., 2013).  
5.9. Scanning electron microscopy of plant root biofilm under soil-plant system 
Direct evidence of biofilm formation by the above mentioned rhizobacterial isolates 
on the root surface of wheat and chickpea under sterile soil-plant system was also 
studied through seed bacterisation process. It is necessary to evaluate the ability of 
biofilm formation under soil-plant system as it represents the natural condition, where 
the role of biofilm is to be applied. The experiment confirmed the biofilm formation 
by our isolates but the structure of biofilm is different from the biofilm observed by 
seedling dipping method. Similar results of biofilm formation by PGPR in soil-plant 
system were also reported by other workers (Haggag and Timmusk, 2008; Sandhya et 
al., 2009; Timmusk et al., 2013). However, we could not attempted to visualized 
biofilm formation on plant root under non-sterile soil using seed bacterisation due to 
the absence of molecular marker on these isolates to differentiate from other soil 
microbes colonizing under natural condition. 
5.10. Assessment of plant growth promoting effect of selected rhizobacteria 
under pot and field conditions 
Based on in vitro assessment of PGP properties, strong biofilm forming and root 
colonization efficacy promising rhizobacteria were first selected. They were subjected 
to their inoculation response to wheat and chickpea under open pot culture condition. 
In the present investigation, we first evaluated the performance of selected 
rhizobacterial isolates on wheat and chickpea crop under pot experiments (vegetative 
parameters only) and on wheat under field conditions. In the present study, six 
rhizobacterial isolates were used as single, dual and triple combination for wheat 
along with Azotobacter sp. and Pseudomonas sp. as reference strains. Whereas in 
chickpea these combinations along with Azotobacter sp. (IARI) and Pseudomonas sp. 
(IARI) and additional standard strain (Mesorhizobium, recommended for legume was 
included) under pot experiments in a completely randomized design (CRD). 
Interestingly inoculation with selected isolates (Pseudomonas aeruginosa DCP2, 
Pseudomonas fluorescens MW4, Bacillus cereus BC1, Bacillus subtilis BCH4, 
Klebsiella pneumoniae KP5 and Azotobacter vinelandii AZCH6) enhances vegetative 
parameters of plant growth significantly compared to uninoculated plants. In wheat 
the order of plant growth parameters recorded among single inoculants was in the 
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order of Pseudomonas fluorescens MW4 > Pseudomonas aeruginosa DCP2 > 
Bacillus subtilis BCH4 > Bacillus cereus BC1> Azotobacter vinelandii AZCH6 > 
Klebsiella pneumoniae KP5 compared to uninoculated control and reference strains 
(Azotobacter sp. and Pseudomonas sp.). However, various combinations of these 
isolates when tested also resulted in additive or synergistic action of plant growth on 
wheat. Among the mixed combinations the application of Bacillus subtilis (BCH4) + 
Pseudomonas fluorescens (MW4) was found better compared to other dual treatments 
and uninoculated plant. Similarly the triple combination of Azotobacter vinelandii 
(AZCH6)+ Bacillus  subtilis (BCH4) + Pseudomonas fluorescens (MW4) was better 
compared to Klebsiella pneumoniae (KP5) + Pseudomonas aeruginosa (DCP2)+ 
Bacillus cereus (BC1), which enhanced the vegetative growth parameters of wheat.  
Thus, the application of selected rhizobacterial isolates as single, dual and triple 
treatments significantly increased the vegetative parameters (root length, shoot length, 
fresh root and shoot weight, dry root and shoot weight and chlorophyll) of wheat 
under pot experiments. The increase in the growth of vegetative parameters is due to 
the beneficial effects of applied PGPR isolates possibly through the secretion of plant 
growth hormones, phosphate solubilisation and nitrogen fixation and other PGP 
activities. However, auxin production by these isolates seems to be a major means of 
attaining growth promotion at vegetative stage (Deepa et al., 2010; Kumar et al., 
2014b). Khalid et al., 2004 reported the role of auxins in early growth promotion of 
wheat. Moreover, like auxins, phosphate solubilisation also plays a major role in 
enhancing the growth of wheat plants (Rajput et al., 2013). The effect of different 
rhizobacterial isolates was found variable, which may be due to expression of one or 
more PGP activities and rhizospheric competiveness.  Our findings on effectiveness 
of PGPR on wheat are in agreement with the reports of other workers (Zabihi et al., 
2011; Abbasi et al., 2011; Rana et al., 2011; Kumar et al., 2014b). 
The data obtained on vegetative growth parameters on chickpea by the application of 
PGPR along with Mesorhizobium revealed the beneficial effect of inoculants which 
enhanced the growth parameters significantly. Many workers have reported the use of 
nitrogen fixing, phosphate solubilising isolates and other PGPR either alone or in 
combination for enhancing the growth of chickpea (Verma et al., 2012; Uddin et al., 
2014; Ahmad et al., 2016). 
The above findings clearly demonstrated that these rhizobacteria positively interacted 
with plant and improve plant growth due to their PGP activities and their efficacy may 
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also be attributed due to their close association with plant roots because of their 
biofilm formation and root colonising ability. However, the role of biofilm as extra 
benefit to plant growth promotion need further investigation by using more detailed 
persistence  root colonization under soil-plant system. 
Field study  
Preliminary data obtained under pot culture conditions on selected rhizobacteria form 
the basis of field experiments on wheat for two consecutive years using same culture 
combinations. 
Among single treatment maximum enhancement in dry biomass was observed in 
Pseudomonas fluorescens MW4 followed by Pseudomonas aeruginosa DCP2 and 
other isolates compared to uninoculated control and reference strains. Among dual 
treatments the combination of Bacillus subtilis (BCH4) + Pseudomonas fluorescens 
(MW4) improved dry weight significantly compared to uninoculated plant. Similarly, 
among triple treatment, combination of Azotobacter vinelandii (AZCH6) + Bacillus  
subtilis (BCH4) + Pseudomonas fluorescens (MW4) and Klebsiella pneumoniae  
(KP5) + Pseudomonas aeruginosa (DCP2)+ Bacillus cereus (BC1) resulted in 
maximum increase in the dry biomass of wheat plant in both years (2012 and 2013) of 
study. The increase in biomass can be attributed to the PGP traits of bacterial isolates 
and their synergistic interactions which help the plant to expand their root system and 
absorb nutrients even from nutrient poor soil, along with absorption of subsoil water 
and minerals (Arshad and Frankenberger 1998; Rana et al., 2011). It is thought that, 
PGP activities including growth substances like IAA, siderophore and other auxins 
secreted by the rhizobacterial isolates might be responsible for the overall increase in 
the growth of wheat plants. Several other workers (Khalid et al., 2004; Mäder et al., 
2011; Kumar et al., 2014b; Baris et al., 2014) also reported the similar results related 
to increase in growth and yield of wheat plant in response to the application of PGPR. 
In addition to phosphate solubilisation (Rajput et al., 2013), IAA produced by 
rhizobacterial isolates is directly involved in root elongation, cell division, increase in 
root surface area and enhanced formation of root system that improves the access to 
soil nutrients (Dey et al., 2004; Gray and Smith, 2005; Richardson et al., 2009; 
Vacheron et al., 2013; Calvo et al., 2014).  
Among single treatment the application of Pseudomonas fluorescens MW4 and dual 
application of Bacillus subtilis (BCH4) + Pseudomonas fluorescens (MW4) 
demonstrated their best effect on growth of wheat plant. Whereas, the combination of 
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Azotobacter vinelandii (AZCH6) + Bacillus  subtilis (BCH4) + Pseudomonas 
fluorescens (MW4) and Klebsiella pneumoniae  (KP5) + Pseudomonas aeruginosa 
(DCP2)+ Bacillus cereus (BC1) produced the maximum effect on all the parameters 
of wheat during the two sowing seasons. The results obtained by the inoculation of 
triple combination is high compared to single application because of the synergistic 
effect of bacteria which insures the release of phytohormones, other PGP activities 
and enhance availability of essential nutrients which is not possible in case of single 
inoculation. Indeed, data from our field experiments clearly demonstrated the 
enhancement of plant growth and yield of wheat continuously for two years. 
5.10.1. Nitrogen content 
The total nitrogen content in wheat plants at tillering, jointing and harvesting stage is 
highest among the triple inoculants followed by dual and single inoculation. The 
nitrogen content in wheat plants was significantly higher at tillering stage (50 DAS) 
compared to jointing (70 DAS) and harvesting stage (130 DAS), where it was at 
lowest. The increase in the total nitrogen content of wheat plants inoculated with 
different PGPR could be due to the increase in movement of nitrogen into the plants. 
A linear regression was observed between the chlorophyll and nitrogen content in 1
st
 
year of experiment (2012), which revealed that nitrogen content increases with the 
increase in photosynthesis (figure D-1). Similar trend was also observed in 2
nd
 year 
(2013). Similarly, a linear regression between nitrogen content and seed protein 
indicated that as the concentration of nitrogen increase, protein content also increased 
(figure D-2). Similar, results of nitrogen content increase in seed of wheat by the 
application of PGPR were also reported by other workers (Khan and Zaidi, 2007; 
Majeed et al., 2015; Sirohi et al., 2015). 
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Figure D-1. Linear regression between nitrogen and chlorophyll content at different 
stages in 2012. 
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   Figure D-2. Linear regression between seed protein and nitrogen content in 2012. 
5.10.2. Yield attribute  
The application of PGPR in the form of bioinoculants momentarily changes the 
composition of rhizospheric population and these changes improve the plant growth 
and finally the yield of the target crops following the establishment of the 
bioinoculants. PGPR isolates used in this study having multiple plant growth 
prompting traits and strong biofilm formation capability, showed better colonization 
and competition as evident by the increase in growth and yield of wheat. Mixed 
application of PGPR isolates has been found to enhance plant growth better compared 
to single inoculation. Moreover, when these isolates were applied in triple 
combination they give the maximum yield. A linear regression between grain yield 
and tiller number clearly suggested that the grain yield increase with the increase in 
tiller number (figure D-3). Similarly, a linear regression between spikelet number and 
grain yield was observed which showed the increase in grain yield with the increase in 
spikelet number (figure D-4). 
The variations observed in the effectiveness of microbial inoculations in this study 
might be due to the variation in the performance of test isolates, their degree of 
release of PGP activities under natural conditions, their survival efficiency and 
colonization potential in the soil environment. Similarly, varying results of interactive 
effect of single and combined application of different PGPR on wheat crop has been 
reported by many workers (Narula et al., 2005; Rana et al., 2011, Minaxi et al., 2013; 
Kumar et al., 2014b).  
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Figure D-3. Linear regression between tiller numbers and grain yield
 
in 2012 
 
 
Figure D-4. Linear regression between spikelet number and grain yield
 
in 2012. 
Plant growth promoting efficacy of strong biofilm forming and root colonising 
rhizobacteria with multiple PGP traits seems to be an ideal desired combination for 
effective performance under field conditions. As their individual performance is better 
compared to standard bioinculant used in this study. Similarly, performances under 
various combinations are also effective to be exploited in crop production. 
Further location and crop based performance should be evaluated to recommend these 
bioinoculants for local use. On the other hand, mechanism of interaction and co-
colonization data using conventional and molecular tools are needed to understand 
mixed biofilm role in natural condition. 
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5.11. Conclusion 
Based on the findings of the present investigation, the following conclusion can be 
drawn 
I. Rhizobacteria isolated and characterized belongs to genus Pseudomonas, 
Bacillus, Azotobacter and Klebsiella and showed their common occurrence in 
the rhizospheric soil of Aligarh. 
II. Tolerance level among rhizobacteria to salt, antibiotics and heavy metals 
varied within each group. 
III. In vitro biofilm forming ability on polystyrene plates distinguish rhizobacteria 
into strong and moderate biofilm formers.  
IV. The selected rhizobacteria, 85 isolates belonging to above group showed 
presence of more than one PGP activities such as phosphate solubilization, 
production of Indole acetic acid (IAA), siderophore, hydrogen cyanide, 
ammonia, 1-Aminocyclopropane-1-carboxylate (ACC) deaminase, 
exopolysaccharides and antifungal activity. Based on production of various 
PGP traits, these isolates were grouped different PGP types. 
V. The quantitative evaluation of phosphate solubilization, production of IAA, 
siderophore and exopolysaccharides revealed different level of production of 
these traits. Highest amount of IAA production was observed among nitrogen 
Azotobacter sp. and Klebsiella sp.) at 500 µg ml
-1 
of tryptophan concentration 
followed by Pseudomonas isolates. Tryptophan concentration dependent 
production in IAA was evident in all cases. Similarly, maximum amount of 
phosphate was solubilized by Pseudomonas isolates followed by Azotobacter. 
Siderophores (both salicylic acid and 2, 3-dihydoxybenzoic acid) was 
produced in substantial amount, where maximum range was observed among 
Pseudomonas isolates followed by nitrogen fixers (Azotobacter and 
Klebsiella).These isolates also demonstrated the antifungal activity against 
five phytopathogenic fungi. The best antifungal activity was observed among 
Pseudomonas isolates.  All the test isolates also found to produce substantial 
amount of exopolysaccharides, where the maximum range was demonstrated 
by Pseudomonas isolates. 
VI. Effect of inoculation of these rhizobacteria on seedling growth demonstrated 
their PGP efficacy and they were grouped into strong biofilm former with 
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promising PGP characteristics and moderate biofilm former with varying level 
of PGP traits. 
VII. Colonization and survival of selected six rhizobacteria and their respective 
spontaneous rifampicin mutants were demonstrated up to 45 days on wheat 
rhizoplane and rhizosphere and 60 days in chickpea under sterile and unsterile 
soil-plant system. The root colonization in terms of CFU count among the 
rifampicin mutants of strong biofilm former was in the decreasing order of 
Pseudomonas fluorescens MW4 < Bacillus subtilis BCH4 < Pseudomonas 
aeruginosa DCP2 < Bacillus cereus BC1 < Klebsiella pneumoniae KP5 < 
Azotobater vinelandii  AZCH6. These isolate showed relatively better 
colonization and survival compared to moderate biofilm formers. 
VIII. The selected isolates formed robust biofilm on glass coverslips when 
examined under light microscope. CLSM micrographs further revealed the 3D 
biofilm formation on glass coverslips distinguished by the presence of EPS 
matrix and hollow channels, characteristics of biofilm. These isolates formed 
biofilm of varying thickness as evident by Z-stack analysis. Among all the 
isolates maximum thickness of biofilm was observed in Bacillus subtilis 
BCH4 (26.54 μm), followed by others in the order of Pseudomonas 
fluorescens MW4, Azotobacter vinelandii AZCH6, Klebsiella pneumoniae 
KP5, Pseudomonas aeruginosa DCP2 and Bacillus cereus BC1. 
IX. These isolate formed robust biofilm on the root surface of wheat and chickpea 
compared to their corresponding control, which was visualized by SEM and 
CLSM after treating the aseptically grown seedlings with individual 
rhizobacteria. However, in case of Bacillus cereus BC1 and Azotobacter 
vinelandii AZCH6 and their corresponding moderate biofilm former isolates 
showed the similar pattern of biofilm formation on root surface of chickpea. 
While comparing the SEM images for the robustness of biofilm formed by 
these isolates on the root surface of wheat, the robustness of biofilm decreased 
in the following order: Azotobater vinelandii AZCH6 < Bacillus subtilis 
BCH4 < Pseudomonas fluorescens MW4 < Klebsiella pneumoniae KP5 < 
Bacillus cereus BC1 < Pseudomonas aeruginosa DCP2. Whereas in case of 
chickpea, the level of biofilm robustness is in the order of Azotobater 
vinelandii AZCH6 > Bacillus subtilis BCH4 > Bacillus cereus BC1> 
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Klebsiella pneumoniae KP5 > Pseudomonas fluorescens MW4 > 
Pseudomonas aeruginosa DCP2.  
X. These isolates also showed good colonization and biofilm formation on root 
surface of wheat and chickpea, when grown under sterile soil-plant system 
after inoculating seeds with individual rhizobacteria. Moreover, the level of 
biofilm formation on root surface of wheat under soil-plant system is in the 
following decreasing order: Pseudomonas fluorescens MW4 < Bacillus 
subtilis BCH4 < Bacillus cereus BC1< Pseudomonas aeruginosa DCP2 < 
Azotobater vinelandii AZCH6. On the other hand, a different pattern was 
observed in chickpea root surface biofilm which was in the order of 
Azotobater vinelandii AZCH6 > Bacillus cereus BC1> Pseudomonas 
fluorescens MW4 > Bacillus subtilis BCH4. Characterization of root biofilm 
by SEM and CLSM indicated the ability of rhizobacteria for effective 
colonization on root of wheat and chickpea. 
XI. Inoculation results of six rhizobacterial isolates in different combination along 
with standard isolates of Azotobacter sp. and Pseudomonas sp. in case of 
wheat and Azotobacter sp., Pseudomonas sp. and Mesorhozobium in case of 
chickpea under pot conditions demonstrated the enhanced vegetative growth 
of plant compared to uninoculated control. In wheat the order of plant growth 
parameters recorded among single inoculants was in the order of 
Pseudomonas fluorescens MW4 > Pseudomonas aeruginosa DCP2 > Bacillus 
subtilis BCH4 > Bacillus cereus BC1> Azotobacter vinelandii AZCH6 > 
Klebsiella pneumoniae KP5 compared to uninoculated control and reference 
strains (Azotobacter sp. and Pseudomonas sp.).The selected isolates in 
different combinations enhance vegetative plant growth parameters in wheat 
and chickpea which indicated their suitability for both crops. 
XII. Performance of these six bacteria when used as alone and in different 
combinations under field conditions revealed the increase in plant growth and 
crop yield during both years of experiments (2012 and 2013) over 
uninoculated plants. The best results was obtained when these isolates were 
applied in triple combinations of Azotobacter vinelandii (AZCH6)+ Bacillus  
subtilis (BCH4) + Pseudomonas fluorescens (MW4) and Klebsiella 
pneumoniae (KP5) + Pseudomonas aeruginosa (DCP2)+ Bacillus cereus 
(BC1), followed by dual combination of Bacillus  subtilis (BCH4) + 
 204 
Pseudomonas fluorescens (MW4) and single inoculation of Pseudomonas 
fluorescens (MW4) compared to uninoculated control. Therefore, field 
experiment on wheat crop demonstrated the effectiveness of selected 
inoculants and their compatible combinations. 
XIII. On the basis of above investigation it is evident that biofilm forming trait of 
rhizobacteria should be considered an additional criteria for selection and 
development of efficient PGPR. 
Further research on various aspects are needed to explore the role of biofilm in 
effective root colonization and plant growth under natural conditions such as  
 Assessment of various stress factors on the stability of biofilm in vitro and 
under natural conditions should be studied. 
 Development of techniques for assessment of mixed biofilm in plant root-soil 
system exploiting molecular tools to understand the synergistic interaction. 
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Annexure-1. Biofilm formation on 96 well microtiter plate among different groups of rhizobacteria. 
Pseudomonas spp. Bacillus spp. Nitrogen fixers 
Isolate 
designation 
Biofilm 
(OD590) 
Biofilm  
strength 
Isolate 
designation 
Biofilm 
(OD590) 
Biofilm  
strength 
Isolate 
designation 
Biofilm 
(OD590) 
Biofilm  
strength 
Control* 0.31±0.02 M Control** 0.33±0.02 M Control*** 0.12±0.01 M 
DCP1 1.36±0.05 S BD1 1.52±0.01 S AZCH1 0.48±0.03 S 
DCP2 1.82±0.04 S BD2 0.34±0.03 M AZCH2 0.79±0.03 S 
DCP3 1.50±0.02 S BD3 1.22±0.03 S AZCH3 0.28±0.06 M 
DCP4 0.40±0.01 M BD4 1.03±0.06 S AZCH4 0.35±0.04 M 
DCP5 1.33±0.10 S BD5 0.19±0.04 M AZCH5 0.38±0.02 M 
DCP6 1.21±0.15 S BD6 0.38±0.05 M AZCH6 1.01±0.06 S 
DCP7 0.25±0.04 M BD7 0.16±0.06 M AZCH7 0.75±0.04 S 
DCP8 1.41±0.20 S BCH1 0.85±0.04 S AZCH8 0.88±0.03 S 
DCP9 1.57±0.09 S BCH2 1.30±0.03 S AZCH9 0.93±0.05 S 
DCP10 1.46±0.08 S BCH3 1.19±0.05 S AZCH10 0.28±0.03 M 
DCP11 1.09±0.01 S BCH4 1.90±0.03 S AZCH11 0.55±0.05 S 
DCP12 1.50±0.06 S BCH5 1.47±0.05 S AZCH12 0.30±0.04 M 
MW1 0.47 ± 0.01 S BCH6 1.03±0.04 S KP2 0.76±0.06 S 
MW2 0.45 ± 0.03 S BCH7 1.21±0.07 S KP3 0.99±0.08 S 
MW3 0.18 ± 0.01 M BC1 1.84±0.50 S KP4 0.24±0.06 M 
MW4 0.72 ± 0.02 S BC2 1.09±0.25 S KP5 1.56±0.11 S 
MW5 0.17 ± 0.01 M BC3 0.71±0.05 S KP6 0.57±0.07 S 
MW6 0.19 ± 0.01 M BC4 0.70±0.04 S KP7 0.29±0.02 M 
MW7 0.47 ± 0.05 S BC5 0.28±0.06 M KP12 0.28±0.06 M 
MW8 0.19 ± 0.01 M BC6 0.33±0.01 M KP15 0.68±0.02 S 
MW9 0.45 ± 0.04 S BC7 1.36±0.09 S    
MW10 0.24 ± 0.02 M BC8 1.25±0.80 S    
MW11 0.22 ± 0.01 M BC9 0.42±0.25 M    
MW12 0.46 ± 0.02 S BC10 0.36±0.30 M    
PQ1 0.40±0.02 M BC11 1.12±0.25 S    
PQ2 0.33±0.01 M       
PQ3 0.39±0.04 M       
CPS1 0.40±0.03 M       
CPS2 0.41±0.02 M       
CPS3 0.40±0.01 M       
WS1 1.80±0.01 S       
WS2 0.74±0.02 S       
WS3 0.90±0.05 S       
BJ1 0.24±0.01 M       
BJ2 0.37±0.02 M       
BJ3 0.38±0.02 M       
PB1 0.39±0.02 M       
PB2 0.42±0.03 M       
PB4 0.42±0.01 M       
PB5 0.38±0.02 M       
 *MTCC-1749, ** NRRL-B-14596, ***NRRL-B-14641, S-Strong biofilm, M-Moderate biofilm. (OD590 nm = 0.22-0.44- 
Moderate biofilm and ≥0.44– strong biofilm). AZCH-Azotobacter isolates, KP-Klebsiella isolates. 
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Annexure-2. Antibiotic resistance among Pseudomonas isolates. 
 
(Na-Nalidixic acid, AM-Ampicillin, K-Kanamycin, R-Rifampicin,VA-Vancomycin, 
T-Tetracycline, Cxm-Cefuroxime, Do-Doxycycline,C- Chloramphenicol S-Streptomycin). 
 
 
 
 
 
 
 
 
  
Isolate  
designation 
Na AM K R VA T Cxm Do C S 
DCP1 R R 11 R R R R R R R 
DCP2 R R R R R R R R R R 
DCP3 R R R R R R R R R 14 
DCP4 R R R R R R R R 10 R 
DCP5 R R R R R R R R R 15 
DCP6 12 R R 10 R R R R R 12 
DCP7 R R R 10 R 11 R R R 13 
DCP8 R R R R R R R R R 11 
DCP9 R R R R R R R R R R 
DCP10 R R R R R R R R R 10 
DCP11 R R R R R R R R R 18 
DCP12 R R R R R R R R R 16 
MW1 12 R 16 15 R 18 R 14 12 16 
MW2 12 R 23 16 R 27 R 22 R 19 
MW3 R R 25 14 R 20 R 16 13 24 
MW4 12 R 25 R R 16 R 14 R 26 
MW5 13 23 22 R R 20 R 18 R 20 
MW6 R R 24 13 R 18 R R R 23 
MW7 R R R 14 R 20 R R R 25 
MW8 27 R 13 13 R 24 R 22 17 27 
MW9 R R 20 11 R 17 R R R 22 
MW10 R R 21 17 R 23 R 24 14 R 
MW11 R R 13 10 R R R R R 10 
MW12 R R 15 12 R 14 R 12 R R 
PQ1 R R R R R R R R R 14 
PQ2 R R R R R R R R R 12 
PQ3 25 R 20 22 20 17 R 18 20 25 
CPS1 R R R 12 R R R R R 12 
CPS2 R R R 12 R R R R R 12 
CPS3 20 R 24 16 R R R 25 25 20 
WS1 R R 19 R R R R R R R 
WS2 R R 18 R R R R R R R 
WS3 16 R R R R 14 R R R 16 
BJ1 R R 15 R R R R R R R 
BJ2 R R 15 R R 14 R R R R 
BJ3 R 21 17 17 18 20 R 15 R R 
PB1 17 R R 19 14 10 10 R R 17 
PB2 R R 22 R 17 14 R 18 R R 
PB4 10 R 20 R 16 19 15 R 17 10 
PB5 23 R 17 R 25 27 18 27 24 23 
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                         Annexure-3. Antibiotic resistance among Bacillus isolates. 
Isolate 
designation 
Na AM K R VA T Cxm Do C S 
BD1 R 18 22 20 R 17 R R 21 15 
BD2 R R 17 16 18 R R R 15 18 
BD3 16 18 22 18 16 18 16 20 26 17 
BD4 15 18 22 18 17 18 16 17 22 17 
BD5 15 15 12 17 15 18 10 15 25 16 
BD6 R 17 21 19 15 20 12 17 22 17 
BD7 16 19 24 17 17 20 23 18 22 19 
BCH1 19 23 25 20 17 27 R 29 30 19 
BCH2 17 27 25 19 16 27 28 26 24 19 
BCH3 17 24 26 17 16 20 19 27 21 18 
BCH4 16 16 19 16 15 15 R 16 23 19 
BCH5 16 23 25 17 17 27 23 25 24 17 
BCH6 20 28 27 19 17 23 28 28 23 16 
BCH7 R 25 25 30 R 28 23 21 19 15 
BC1 14 R R 16 R 18 R 17 16 R 
BC2 R R R 18 R 18 R 17 15 R 
BC3 19 R 23 29 17 26 10 24 27 24 
BC4 17 R 22 28 16 24 11 26 26 22 
BC5 19 30 25 19 20 27 25 29 27 22 
BC6 18 29 23 19 18 22 R 21 24 22 
BC7 R 28 22 17 17 23 21 22 23 17 
BC8 R 32 21 17 17 23 23 20 23 18 
BC9 16 23 24 16 17 27 20 24 21 16 
BC10 16 26 23 19 18 21 18 22 21 18 
BC11 19 30 26 23 20 30 23 27 26 19 
(Na-Nalidixic acid, AM-Ampicillin, K-Kanamycin, R-Rifampicin,VA-Vancomycin,  
T-Tetracycline, Cxm-Cefuroxime, Do-Doxycycline,C- Chloramphenicol S-Streptomycin). 
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Annexure-4.  Antibiotic resistance among nitrogen fixers. 
Isolate 
designation 
Na A K R VA T Cxm Do C S 
AZCH1 29 29 31 27 26 26 R 27 28 20 
AZCH2 13 12 22 12 R 14 20 21 22 25 
AZCH3 25 R R R 18 18 R 24 28 10 
AZCH4 12 R 20 R 22 19 13 28 24 R 
AZCH5 27 R 17 R R 27 15 25 22 20 
AZCH6 R R 16 R 10 22 R R R 18 
AZCH7 28 R R 16 17 13 R 18 12 25 
AZCH8 R R 19 17 20 15 19 R 19 12 
AZCH9 23 11 R 23 21 18 R 10 18 15 
AZCH10 28 13 15 13 18 10 R 14 16 18 
AZCH11 23 R R R R R R 16 20 R 
AZCH12 18 R R 15 12 16 R 18 13 R 
KP2 18 R R 12 16 12 17 15 16 R 
KP3 20 26 13 21 19 26 10 25 10 21 
KP4 21 10 R 13 12 10 R 13 11 R 
KP5 15 R 15 11 23 14 20 12 19 22 
KP6 13 11 14 12 23 17 R 16 19 16 
KP7 R R R 11 18 13 20 13 R 11 
KP12 17 R 16 10 R 10 R 13 25 17 
KP15 R R 16 12 20 22 R 25 28 22 
(Na-Nalidixic acid, AM-Ampicillin, K-Kanamycin, R-Rifampicin,VA-Vancomycin,  
T-Tetracycline, Cxm-Cefuroxime, Do-Doxycycline,C- Chloramphenicol S-Streptomycin). 
AZCH-Azotobacter isolates, KP-Klebsiella isolates. 
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Annexure-5.   Minimum inhibitory concentration of heavy metals against Pseudomonas isolates.  
MIC (µg ml-1) 
Strain no. / 
Heavy metal 
Cd2+ Cu2+ Co2+ Ni2+ Hg2+ Pb2+ 
DCP1 1024 2048 2048 2048 8 2048 
DCP2 2048 2048 2048 2048 16 2048 
DCP3 256 512 256 1024 ND 1024 
DCP4 1024 1024 2048 2048 ND 2048 
DCP5 256 1024 256 512 8 1024 
DCP6 512 1024 256 1024 4 512 
DCP7 1024 256 2048 2048 ND 2048 
DCP8 1024 2048 1024 2048 ND 2048 
DCP9 256 512 512 256 8 512 
DCP10 512 512 256 1024 16 1024 
DCP11 1024 512 512 2048 ND 2048 
DCP12 512 1024 512 256 16 512 
MW1 128 256 256 1024 ND 2048 
MW2 8 1024 512 2048 ND 2048 
MW3 16 1024 256 2048 ND 2048 
MW4 128 256 256 1024 ND 2048 
MW5 128 256 256 1024 ND 2048 
MW6 16 2048 512 2048 4 2048 
MW7 16 1024 256 2048 ND 2048 
MW8 8 1024 512 2048 ND 2048 
MW9 16 1024 512 1024 4 2048 
MW10 8 512 2048 1024 ND 1024 
MW11 128 256 256 1024 ND 2048 
MW12 16 1024 512 1024 4 2048 
PQ1 1024 1024 2048 2048 ND 2048 
PQ2 1024 1024 512 1024 8 1024 
PQ3 512 512 512 1024 8 1024 
CPS1 32 2048 1024 2048 4 2048 
CPS2 64 512 1024 512 8 512 
CPS3 32 1024 512 2048 4 512 
WS1 64 2048 512 2048 ND 2048 
WS2 32 512 256 512 16 256 
WS3 32 512 256 256 8 512 
BJ1 64 1024 1024 512 ND 2048 
BJ2 64 128 512 256 8 512 
BJ3 128 128 512 256 8 512 
PB1 512 512 256 1024 ND 2048 
PB2 128 512 256 1024 4 2048 
PB4 256 256 256 1024 ND 2048 
PB5 64 256 256 256 4 2048 
                              ND-Not detected 
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Annexure-6.   Minimum inhibitory concentration of heavy metals against Bacillus isolates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
MIC (µg ml-1) 
Strain no. /  
Heavy metal 
Cd2+ Cu2+ Co2+ Ni2+ Hg2+ Pb2+ 
BD1 ND 32 4 4 ND ND 
BD2 16 1024 128 512 4 1024 
BD3 16 512 128 512 4 256 
BD4 8 16 32 256 ND 128 
BD5 8 8 4 8 4 128 
BD6 32 64 256 128 4 512 
BD7 ND 64 256 256 8 128 
BCH1 ND 512 256 512 ND 512 
BCH2 4 512 1024 1024 8 128 
BCH3 ND 512 512 1024 4 64 
BCH4 ND 1024 512 2048 8 128 
BCH5 ND 512 512 8 ND 128 
BCH6 ND 512 256 256 8 512 
BCH7 ND 256 512 32 ND 64 
BC1 64 512 128 256 2 2048 
BC2 128 512 64 256 4 128 
BC3 32 512 128 128 2 256 
BC4 128 128 1024 512 8 64 
BC5 4 512 128 256 8 256 
BC6 ND 64 ND 256 ND 512 
BC7 4 32 512 128 ND 256 
BC8 ND 32 512 1024 8 512 
BC9 16 512 512 1024 4 128 
BC10 ND 512 1024 1024 ND 128 
BC11 ND 256 256 512 4 128 
ND-Not detected 
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Annexure-7. Minimum inhibitory concentration of heavy metals against nitrogen fixers. 
MIC (µg ml-1) 
Strain no./ 
Heavy metal 
Cd2+ Cu2+ Co2+ Ni2+ Hg2+ Pb2+ 
AZCH1 64 512 256 256 4 8 
AZCH2 32 256 128 512 8 8 
AZCH3 16 256 256 1024 16 16 
AZCH4 16 256 128 512 32 8 
AZCH5 16 128 512 256 16 8 
AZCH6 128 512 1024 2048 64 32 
AZCH7 32 256 64 512 8 16 
AZCH8 32 512 128 256 4 8 
AZCH9 16 128 512 512 8 16 
AZCH10 8 512 128 1024 4 8 
AZCH11 16 512 128 128 8 16 
AZCH12 8 512 128 512 4 16 
KP1 16 512 256 1024 ND 2048 
KP2 32 512 128 512 ND 2048 
KP3 16 512 256 512 ND 2048 
KP4 64 256 256 256 ND 2048 
KP5 32 1024 128 256 ND 2048 
KP6 64 512 256 1024 ND 2048 
KP7 64 512 128 1024 ND 2048 
KP8 128 1024 128 1024 ND 1024 
                                   ND-Not detected, AZCH-Azotobacter isolates, KP-Klebsiella isolates. 
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Annexure-8. Zone of phosphate solubilization among different groups of rhizobacteria on pikovskaya 
agar plate. 
 
Pseudomonas spp. Bacillus spp. Nitrogen fixers 
Isolate 
designation 
Zone size 
(mm±SD) 
Isolate 
designation 
Zone size 
(mm±SD) 
Isolate 
designation 
Zone size 
(mm±SD) 
Control* 09.25±2.25 Control** 7.20±1.20 Control*** ND 
DCP1 14.70 ± 1.14 BD1 10±0.5 AZCH1 19 ± 0.32 
DCP2 28.9 ± 1.32 BD3 11±1.20 AZCH2 22 ± 0.34 
DCP3 22.5 ± 1.22 BD4 12±1.0 AZCH3 11 ± 0.45 
DCP4 15.6 ± 1.10 BD5 9±0.6 AZCH4 14 ± 0.69 
DCP5 11.3 ± 1.02 BD6 10±0.9 AZCH5 17 ± 0.90 
DCP6 12.5 ± 1.07 BD7 8±0.7 AZCH6 25 ± 0.52 
DCP7 16.7 ± 1.09 BCH1 10±1.15 AZCH7 22 ± 0.59 
DCP8 23.0 ± 1.12 BCH2 11±1.25 AZCH8 20 ± 0.66 
DCP9 24.5 ± 1.16 BCH3 12±1.40 AZCH9 18 ± 0.98 
DCP10 11.0 ± 1.09 BCH4 14±1.80 AZCH11 21 ± 0.45 
DCP11 11.4 ± 0.91 BCH5 12±1.15 AZCH12 15 ± 0.56 
DCP12 10.6 ± 1.63 BCH6 9±0.85 KP3 4.5±0.05 
MW1 16 ± 0.15 BCH7 12±1.10 KP5 12.2±1.15 
MW2 18 ± 0.15 BC1 12.20±1.20 KP6 5.0±0.03 
MW3 21 ± 0.28 BC2 10.20±0.80   
MW4 27 ± 0.36 BC3 9.50±0.85   
MW5 22 ± 0.16 BC4 9.90±0.80   
MW6 23 ± 0.20 BC7 10.20±1.15   
MW7 20 ± 0.31 BC8 9.50±1.10   
MW8 24 ± 0.10 BC11 11.0±1.10   
MW9 22 ± 0.25     
MW11 24 ± 0.19     
PQ1 5±0.06     
PQ2 6±0.04     
PQ3 7±0.02     
WS1 10±0.9     
WS2 12±0.20     
WS3 11±0.15     
PB2 9±0.20     
PB5 8±0.30     
*MTCC-1749, ** NRRL-B-14596, ***NRRL-B-14641, ND-Not detected. AZCH-Azotobacter isolates,  
KP-Klebsiella isolates. 
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Annexure-9.  Detection of siderophore on CAS agar medium among different groups of rhizobacteria. 
                                  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*MTCC-1749, ** NRRL-B-14596, ***NRRL-B-14641, ND-Not detected. AZCH-Azotobacter isolates,  
KP-Klebsiella isolates. 
 
 
 
 
 
 
 
                 
 
                        
  
Pseudomonas spp. Bacillus spp. Nitrogen fixers 
Isolate 
designation 
Zone size 
(mm±SD) 
Isolate 
designation 
Zone size 
(mm±SD) 
Isolate 
designation 
Zone size 
(mm±SD) 
Control* 5.10±0.05 Control** 2.90±0.02 Control*** 13.80±1.25 
DCP1 18.3±0.91 BD1 2.20±0.20 AZCH1 15.7 ± 2.1 
DCP2 19.2±0.88 BD3 3.10±0.50 AZCH2 16.4 ±2.11 
DCP3 10.2±0.78 BD4 4.25±0.20 AZCH3 14.8 ±2.10 
DCP4 12.4±0.76 BD5 5.50±0.10 AZCH4 13.6 ±1.98 
DCP5 14.5±0.91 BD6 4.20±0.15 AZCH5 12.3 ±1.80 
DCP6 14.9±1.0 BD7 2.10±0.10 AZCH6 19.5 ±1.76 
DCP7 13.6±1.03 BCH1 3.40±0.25 AZCH7 18.1 ±1.55 
DCP8 18.4±1.01 BCH2 6.10±0.30 AZCH8 18.7 ±1.55 
DCP9 17.6±1.11 BCH3 8.40±0.10 AZCH9 17.3 ±1.09 
DCP10 18.5±1.23 BCH4  15.5±2.2 AZCH11 17.9 ±1.25 
DCP11 19.1±0.92 BCH5 7.30±0.10 AZCH12 14.8 ±1.4 
DCP12 19.0±0.99 BCH6 8.5±0.50 KP2 11.20±1.20 
MW1 15 ± 0.14 BCH7 10.0±1.5 KP3 10.10±1.10 
MW2 17 ± 0.16 BC1 10.10±1.20 KP4 12.0±1.25 
MW3 19 ± 0.12 BC2 9.80±1.0 KP5 14.10±1.80 
MW4 21 ± 0.09 BC3 8.10±1.15 KP6 5.0±0.90 
MW5 16 ± 0.19 BC4 7.20±0.9 KP7 8.0±0.50 
MW6 18 ± 0.11 BC5 3.00±0.30 KP12 9.50±0.80 
MW7 14 ± 0.10 BC6 2.65±0.05 KP15 8.8±0.45 
MW8 15 ± 0.19 BC7 8.40±0.10   
MW9 18 ± 0.17 BC8 10.0±0.15   
MW10 19 ± 0.13 BC9 2.10±0.06   
MW11 17 ± 0.20 BC10 9.80±0.25   
MW12 16 ± 0.23 BC11 3.60±0.08   
PQ1 12±1.10     
PQ2 10±1.0     
PQ3 10±1.25     
CPS1 11±1.0     
CPS2 9±0.6     
WS1 13±1.0     
WS2 12±1.25     
WS3 14±1.30     
BJ1 10±0.90     
BJ2 9±0.76     
PB1 8±0.50     
PB2 6±0.35     
PB4 5±0.30     
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Annexure-10.  Exopolysaccharide production among different groups of rhizobacteria. 
Pseudomonas spp. Bacillus spp. Nitrogen fixers 
Isolate 
designation 
EPS  
(g l-1 ±SD) 
Isolate 
designation 
EPS  
(g l-1 ±SD) 
Isolate 
designation 
EPS  
(g l-1 ±SD) 
Control* 1.14±0.01 Control** 0.70±0.30 Control*** 1.0±0.09 
DCP1 1.13±0.05 BD1 0.86±0.25 AZCH1 1.10 ± 0.01 
DCP2 2.66±0.08 BD2 0.78±0.10 AZCH2 1.09 ± 0.02 
DCP3 1.19±0.10 BD3 0.95±0.09 AZCH3 1.04 ± 0.04 
DCP4 1.21±0.15 BD4 1.09±0.05 AZCH4 1.08 ± 0.05 
DCP5 1.34±0.09 BD5 0.77±0.04 AZCH5 1.09 ± 0.03 
DCP6 1.04±0.04 BD6 1.45±0.09 AZCH6 1.49± 0.02 
DCP7 1.65±0.03 BD7 1.07±0.18 AZCH7 1.08 ± 0.01 
DCP8 1.52±0.02 BCH1 1.86±0.20 AZCH8 1.10 ± 0.01 
DCP9 1.22±0.01 BCH2 1.66±0.21 AZCH9 1.11 ± 0.01 
DCP10 1.28±0.10 BCH3 0.79±0.10 AZCH10 1.08 ± 0.03 
DCP11 1.10±0.15 BCH4 3.72±0.32 AZCH11 1.10 ± 0.02 
DCP12 1.36±0.25 BCH5 2.05±0.15 AZCH12 1.12 ± 0.05 
MW1 1.69±0.02 BCH6 2.56±0.20 KP2 2.44±0.07 
MW2 1.43±0.01 BCH7 2.09±0.20 KP3 1.25±0.04 
MW3 1.82±0.01 BC1 1.30±0.09 KP4 1.19±0.03 
MW4 3.01±0.02 BC2 1.10±0.02 KP5 2.96±0.13 
MW5 1.27±0.01 BC3 1.15±0.08 KP6 1.85±0.14 
MW6 1.40±0.03 BC4 0.90±0.03 KP7 1.24±0.04 
MW7 2.10±0.01 BC5 0.98±0.05 KP12 0.44±0.06 
MW8 2.71±0.06 BC6 0.94±0.07 KP15 2.43±0.07 
MW9 1.75±0.03 BC7 0.82±0.10   
MW10 1.67±0.03 BC8 0.79±0.01   
MW11 1.99±0.01 BC9 1.03±0.05   
MW12 2.41±0.06 BC10 1.11±0.11   
PQ1  0.92±0.02 BC11 1.03±0.07   
PQ2 0.70±0.03     
PQ3 0.75±0.01     
CPS1 0.90±0.04     
CPS2 0.95±0.05     
CPS3 1.0±0.03     
WS1 1.15±0.06     
WS2 1.20±0.03     
WS3 1.25±0.03     
BJ1 0.80±0.03     
BJ2 0.56±0.01     
BJ3 0.45±0.03     
PB1 0.50±0.02     
PB2 0.59±0.03     
PB4 0.65±0.02     
PB5 0.60±0.03     
Control *MTCC-1749, ** NRRL-B-14596, ***NRRL-B-14641, ND-Not detected. AZCH-Azotobacter 
isolates, KP-Klebsiella isolates. 
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Annexure-11.  Antifungal activity of test bacterial isolates against phytopathogic fungi. 
Aspergillus niger Fusarium oxysporum Fusarium solani Fusarium ciceri Alternaria alternata 
Isolate 
designation 
Inhibition 
zone size 
(mm±SD) 
Isolate 
designation 
Inhibition 
zone size 
(mm±SD) 
Isolate 
designation 
Inhibition 
zone size 
(mm±SD) 
Isolate 
designation 
Inhibition 
zone size 
(mm±SD) 
Isolate 
designation 
Inhibition 
zone size 
(mm±SD) 
MW4 24.0± 1.12 MW1 11.0± 0.09 DCP1 13.8± 2.15 MW4 16.0± 0.06 DCP2 14.5± 1.45 
MW7 21.0± 1.14 MW4 19.0± 1.01 DCP2 14.2± 1.55 MW5 13.0± 0.08 BCH4 16.2± 1.80 
MW8 19.0± 1.09 MW6 11.0± 0.08 DCP5 15.1± 2.60 MW9 10.0± 1.11 AZCH11 13.8± 0.76 
MW12 16.0± 1.06 MW8 17.0± 1.0 DCP6 15.2± 2.10 MW10 12.0± 0.05   
DCP2 11.2± 1.67 MW11 15.0± 1.11 DCP10 10.8± 1.76 MW12 14.0± 0.07   
DCP10 11.7± 2.66 MW12 12.0± 1.12 WS1 13.2± 1.70 DCP1 12.0± 1.25   
WS1 10.3± 2.00 DCP1 11.5± 1.80 WS2 14.3± 2.45 DCP2 12.0± 1.90   
WS2 13.0± 1.15 DCP2 13.5± 2.25 BD1 13.4± 1.15 BCH4 11.2± 1.05   
BD1 15.2± 1.52 DCP5 12.3± 2.30 BCH4 12.8± 1.50 AZCH6 18.1± 1.70   
BCH4 15.7± 1.58 DCP6 10.4± 1.60 BCH5 11.1± 1.15 AZCH12 14.0± 1.10   
AZCH1 14.1± 1.25 DCP10 13.1± 2.20 BC1 12.2± 1.80 KP3 14.8± 0.15   
AZCH6 11.3± 1.29 WS1 11.2± 1.10 AZCH6 13.2± 1.45 KP5 15.6± 0.32   
  WS2 13.0± 1.67 AZCH12 10.2± 0.90     
  BD1 12.0± 2.00       
  BCH4 14.6± 1.71       
  BCH5 14.2± 1.50       
  BC1 15.6± 1.50       
  AZCH1 12.3± 1.15       
  AZCH6 14.2± 1.50       
  AZCH11 16.5± 1.90       
  AZCH12 15.7± 1.25       
  KP3 15.3± 0.20       
  KP5 17.0± 0.15       
AZCH-Azotobacter isolates, KP-Klebsiella isolates 
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ACGCTGGCGGCAGGCCTAACACATGCAAGTCGAGCGGATGAAGGGAGCTTGCTCCTGGATTCAGCGGCGGACGGGTGAGTAATGCCTAGGAAT
CTGCCTGGTAGTGGGGGATAACGTCCGGAAACGGGCGCTAATACCGCATACGTCCTGAGGGAGAAAGTGGGGGATCTTCGGACCTCACGCTATC
AGATGAGCCTAGGTCGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCGTAACTGGTCTGAGAGGATGATCAGTCACACTGG
AACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCCATGCCGCGTGTGTGAA
GAAGGTCTTCGGATTGTAAAGCACTTTAAGTTGGGAGGAAGGGCAGTAAGTTAATACCTTGCTGTTTTGACGTTACCAACAGAATAAGCACCGG
CTAACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCGCGTAGGTGGTTCAGCAAGTTG
GATGTGAAATCCCCGGGCTCAACCTGGGAACTGCATCCAAAACTACTGAGCTAGAGTACGGTAGAGGGTGGTGGAATTTCCTGTGTAGCGGTGA
AATGCGTAGATATAGGAAGGAACACCAGTGGCGAAGGCGACCACCTGGACTGATACTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACAGG
ATTAGATACCCTGGTAGTCCACGCCGTAAACGATGTCGACTAGCCGTTGGGATCCTTGAGATCTTAGTGGCGCAGCTAACGCGATAAGTCGACC
GCCTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCG
AAGAACCTTACCTGGCCTTGACATGCTGAGAACTTTCCAGAGATGGATTGGTGCCTTCGGGAACTCAGACACAGGTGCTGCATGGCTGTCGTCAG
CTCGTGTCGTGAGATGTTGGGTTAAGTCCCGTAACGAGCGCAACCCTTGTCCTTAGTTACCAGCACCTCGGGTGGGCACTCTAAGGAGACTGCCG
GTGACAAACCGGAGGAAGGTGGGGATGACGTCAAGTCATCATGGCCCTTACGGCCAGGGCTACACACGTGCTACAATGGTCGGTACAAAGGGT
TGCCAAGCCGCGAGGTGGAGCTAATCCCATAAAACCGATCGTAGTCCGGATCGCAGTCTGCAACTCGACTGCGTGAAGTCGGAATCGCTAGTAA
TCGTGAATCAGAATGTCACGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGGAGTGGGTTGCTCCAGAAGTAGCTAGT
CTAACCGCAAGGGGGACGGTTACCACGGAGTGATCATGACTGGGTGAC  
 
Annexure-12. Sequence of Pseudomonas aeruginosa DCP2 (990 bp). 
 
TCAGATTGAACGCTGGCGGCAGGCCTAACACATGCAAGTCGAGCGGTAGAGAGAAGCTTGCTTCTCTTGAGAGCGGCGGACGGGTGAGTAATGC
CTAGGAATCTGCCTGGTAGTGGGGGATAACGTTCGGAAACGGACGCTAATACCGCATACGTCCTACGGGAGAAAGCAGGGGACCTTCGGGCCTT
GCGCTATCAGATGAGCCTAGGTCGGATTAGCTAGTTGGTGAGGTAATGGCTCACCAAGGCGACGATCCGTAACTGGTCTGAGAGGATGATCAGT
CACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCCATGCCGCG
TGTGTGAAGAAGGTCTTCGGATTGTAAAGCACTTTAAGTTGGGAGGAAGGGCAGTTACCTAATACGTGATTGTTTTGACGTTACCGACAGAATA
AGCACCGGCTAACTCTGTGCCAGCAGCCGCGGTAATACAGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCGCGTAGGTGGTTTG
TTAAGTTGGATGTGAAATCCCCGGGCTCAACCTGGGAACTGCATTCAAAACTGACTGACTAGAGTATGGTAGAGGGTGGTGGAATTTCCTGTGT
AGCGGTGAAATGCGTAGATATAGGAAGGAACACCAGTGGCGAAGGCGACCACCTGGACTGATACTGACACTGAGGTGCGAAAGCGTGGGGAGC
AAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGTCAACTAGCCGTTGGGAGCCTTGAGCTCTTAGTGGCGCAGCTAACGCATTAA
GTTGACCGCCTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGC
AACGCGAAGAACCTTACCAGGCCTTGACATCCAATGAACTTTCTAGAGATAGATTGGTGCCTTCGGGAACATTGAGACAGGTGCTGCATGGCTG
TCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGTAACGAGCGCAACCCTTGTCCTTAGTTACCAGCACGTCATGGTGGGCACTCTAAGGA
GACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAGTCATCATGGCCCTTACGGCCTGGGCTACACACGTGCTACAATGGTCGGTAC
AGAGGGTTGCCAAGCCGCGAGGTGGAGCTAATCCCATAAAACCGATCGTAGTCCGGATCGCAGTCTGCAACTCGACTGCGTGAAGTCGGAATCG
CTAGTAATCGCGAATCAGAATGTCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGGAGTGGGTTGCACCAGAAGT
AGCTAGTCTAACCTTCGGGAGGACGGTTACCACGGTGTGATTCATGACTGGGGTGAATCT  
 
Annexure-13.  Sequence of Pseudomonas fluorescens MW4 (997 bp). 
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GGGGGCTCGTTTACCCTATACTGGGCATAAGCGCGCGGAGGTGGTTCGTCAAGTGGGATGTGACACCCCCGGGCTCCACCTGGGAACTGCATCC
AAAACTGGCCACCTAGAGTACGGTAGAGGGTGGTGGAATTTCCTGGGTAGCGGTGAAATGCGTAGATGTAGGAAGGAACACCAGTGGCGAAGG
CCACCACCTGGACTGATACTGACTCTGACGTGCGAAAGCGTGCGGAGCAAACAGGATTACATACGCTGGTAGTCCACTCCGCTAGACGATGTCT
ACTAGCCGTTGGAATCCTTGAGATTTTAGTGGTGCATCTCACTCATTACGCTGACCGCCTGGGGAGTACGGCCGCAAGGCTTAAACTCAAATGAA
TTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCCTAAGCAACGCGAAGAACCTTGCCAGGCCTTGACATGCAGAGAACTTTCCC
GAGATGGATTGGTGCCTTCGGGAACTCTGACTGCAGGTGCTGCATGGCTGTCGCCAGCTCGTGTCATGAGATGTTGGGTTAAATCCCGTAACCAG
CGCATCCCTTGTCCTTACTTACCAGCACGTTATGGTGGGCACTCTAATGAGACTGCCTGTGACAAACCGGCAGGAAGGTGGGGATGACTTCCACT
CATCATGGCCCTTACGGCCTGAGCTACACACGTGCTACCATGGTCTGTACAGAGGGTTGCCAGACCCCAGAGGTGGACCTCATCTCACAAAACC
AATCAAAGTCCGGATCGCAGTCTGCAACTCGACTGCGTGAAGTCCGAATCGCTAGTAATCGCGAATCAGAATGTCGCGGTGAATACGTTCCCGG
GCCTTGTACACACCGCCCGTCACACCATGGGAGTGGGTTGCACCAGAAGTAGCTAGTCTAACCTTCGGGAGGACGGTACCACGGTGTGATCATG
ACTGGGGTGAAGTCGTACAAGGTAACCGTAAAGTTCACCCCGTCGCGGGCGCCGGCAACCAACGCGAACGCCGTATCAGTAGGATAGTATCCTC
TCGCGCTAC  
Annexure-14. Sequence of Pseudomonas sp. PQ1 (1045). 
 
AAACATACTTTCTTGCTCTTTCACTCAGTGTCAGTATTAGTCCAGGTGGTCGCCTTCGCCACTGGTGTTCCTTCCTATATCTACGCATTTCACCGCT
ACACAGGAAATTCCACCACCCTCTACCATACTCTAGTCAGTCAGTTTTGAATGCAGTTCCCAGGTTGAGCCCGGGGATTTCACATCCAACTTAAC
AAACCACCTACGCGCGCTTTACGCCCAGTAATTCCGATTAACGCTTGCACCCTCTGTATTACCGCGGCTGCTGGCACAGAGTTAGCCGGTGCTTA
TTCTGTCGGTAACGTCAAAATTGCAGAGTATTAATCTACAACCCTTCCTCCCAACTTAAAGTGCTTTACAATCCGAAGACCTTCTTCACACACGCG
GCATGGCTGGATCAGGCTTTCGCCCATTGTCCAATATTCCCCACTGCTGCCTCCCGTAGGAGTCTGGACCGTGTCTCAGTTCCAGTGTGACTGATC
ATCCTCTCAGACCAGTTACGGATCGTCGCCTTGGTGAGCCATTACCTCACCAACTAGCTAATCCGACCTAGGCTCATCTGATAGCGCAAGGCCCG
AAGGTCCCCTGCTTTCTCCCGTAGGACGTATGCGGTATTAGCGTCCGTTTCCGAACGTTATCCCCCACTACCAGGCAGATTCCTAGGCATTACTCA
CCCGTCCGCCGCTCTCAAGAGAAGCAAGCTTCTCTCTACCGCTCGACTTGCATGTGTTAGGCCTGCCGCCAGCGTTCAATCTGAGCCATGATCAA
AACTCTAACGGCGACCGGGGGGACC  
Annexure-15. Sequence of Pseudomonas fluorescens WS1 (790 bp). 
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GGGGGAAACTTCTCGGGATACTGGGCGTAAGCGTGCGTAGGTGGTGATTTAAGTCCGTTGTGAAAGCCCTGGGCTCAACCTGGGAATTGCAGTG
GATACTGGGTCACTAGAATGTGGTAGAGGGTAGCGGAATTCCTGGTGTAGCAGTGAAATGCGTAGAGATCAGGAGGAACATCCGTGGCGAAGG
CGGCTACCTGGACCAACATTGACACTGAGGCACGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCCTAAACGATGCGA
ACTGGATGTTGGGTGCAACTTGGCACGCAGTATCGAAGCTAACGCGTTAAGTTCGCCGCCTGGGGAGTACGGTCGCAAGACTGAAACTCAAAGG
AATTGACGGGGGCCCGCACAAGCGGTGGAGTATGTGGTTTAATTCGATGCAACGCGAAGAACCTTACCTGGTCTTGACATCCACGGAACTTTCC
AGAGATGGATTGGTGCCTTCGGGAACCGTGAGACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGA
GCGCAACCCTTGTCCTTAGTTGCCAGCACGTAATGGTGGGAACTCTAAGGAGACCGCCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAA
GTCATCATGGCCCTTACGACCAGGGCTACACACGTACTACAATGGTTAGGACAGAGGGCTGCAATCCCGCGAGGGTGAGCCAATCCCAGAAACC
TAATCTCAGTCCGGATTGGAGTCTGCAACTCGACTCCATGAAGTCGGAATCGCTAGTAATCGCAGATCAGCATTGCTGCGGTGAATACGTTCCCG
GGCCTTGTACACACCGCCCGTCACACCATGGGAGTTTGTTGCACCAGAAGCAGGTAGCTTAACCGCAAGGAGGGCGCTTGCCACGGTGTGGCCG
ATGACTGGGGTGATCAGAAAAAAAACCCCCCAACACACAAAAAAAGGG  
Annexure-16. Sequence of Pseudomonas boreopolis PB5 (986 bp). 
 
 
AGAGTTTGATCCTGGCTCAGGATGAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAGCGAATGGATTAAGAGCTTGCTCTTATGAAGTTAGC
GGCGGACGGGTGAGTAACACGTGGGTAACCTGCCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATAACATTTTGCACCGC
ATGGTGCGAAATTGAAAGGCGGCTTCGGCTGTCACTTATGGATGGACCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAAC
GATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCA
ATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGAA
TAAGCTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAA
TTATTGGGCGTAAAGCGCGCGCAGGTGGTTTCTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGACTTG
AGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAGATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGT
AACTGACACTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAGTGTTAGAGGG
TTTCCGCCCTTTAGTGCTGAAGTTAACGCATTAAGCACTCCGCCTGGGGAGTACGGCC GCAAGGCTGAAACTCAAAGGAATTGACGG  
 
Annexure-17. Sequence of Bacillus cereus BC1 (929 bp). 
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GGGCCGTCCCTCCCACCTCGGTGGCAGATAAAGACCAGAGAGTCGCCTTCGCCACTGGTGTTCCTCCACATCTCTACGCATTTCACCGCTACACG
TGGAATTCCACTCTCCTCTTCTGCACTCAAGTTCCCCAGTTTCCAATGACCCTCCCCGGTTGAGCCGGGGGCTTTCACATCAGACTTAAGAAACCG
CCTGCGAGCCCTTTACGCCCAATAATTCCGGACAACGCTTGCCACCTACGTATTACCGCGGCTGCTGGCACGTAGTTAGCCGTGGCTTTCTGGTT
AGGTACCGTCAAGGTACCGCCCTATTCGAACGGTACTTGTTCTTCCCTAACAACAGAGCTTTACGATCCGAAAACCTTCATCACTCACGCGGCGT
TGCTCCGTCAGACTTTCGTCCATTGCGGAAGATTCCCTACTGCTGCCTCCCGTAGGAGTCTGGGCCGTGTCTCAGTCCCAGTGTGGCCGATCACCC
TCTCAGGTCGGCTACGCATCGTCGCCTTGGTGAGCCATTACCTCACCAACTAGCTAATGCGCCGCGGGTCCATCTGTAAGTGGTAGCCGAAGCCA
CCTTTTATGTTTGAACCATGCGGTTCAAACAAGCATCCGGTATTAGCCCCGGTTTCCCGGAGTTATCCCAGTCTTACAGGCAGGTTACCCACGTGT
TACTCACCCGTCCGCCGCTAACATCAGGGAGCAAGCTCCCATCTGTCCGCTCGACTTGCATGTATTAGGCACGCCGCCAGCGTTCGTCCTGAGCC
ATGTTCAAAACTCTACGGTGGCCGTTGTTACTGCTT  
 
Annexure-18. Sequence of Bacillus subtilis BD6 (799 bp). 
 
CCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGGGCTCGCAGGCGGTTTCTTAAGTCTGATGTGAAAGC
CCCCGGCTCAACCGGGGAGGGTCATTGGAAACTGGGGAACTTGAGTGCAGAAGAGGAGAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGA
GATGTGGAGGAACACCAGTGGCGAAGGCGACTCTCTGGTCTGTAACTGACGCTGAGGAGCGAAAGCGTGGGGAGCGAACAGGATTAGATACCC
TGGTAGTCCACGCCGTAAACGATGAGTGCTAAGTGTTAGGGGGTTTCCGCCCCTTAGTGCTGCAGCTAACGCATTAAGCACTCCGCCTGGGGAGT
ACGGTCGCAAGACTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTAC
CAGGTCTTGACATCCTCTGACAATCCTAGAGATAGGACGTCCCCTTCGGGGGCAGAGTGACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTG
AGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGATCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGTGACTGCCGGTGACAAACCG
GAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGGACAGAACAAAGGGCAGCGAAACCGC
GAGGTTAAGCCAATCCCACAAATCTGTTCTCAGTTCGGATCGCAGTCTGCAACTCGACTGCGTGAAGCTGGAATCGCTAGTAATCGCGGATCAGC
ATGCCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCACGAGAGTTTGTAACACCCGAAGTCAGTGAAGTAACCTTTTAGG
AGCCAGCCGCCGAAAGTGGGA CAGATGATTGGGGTGAACTCGTAACAAGGTAACCGTA  
Annexure-19. Sequence of Bacillus subtilis BCH4 (997 bp). 
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CCAGCAGCCGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCACGCAGGCGGTCTGTCAAGTCGGATGTGAAAT
CCCCGGGCTCAACCTGGGAACTGCATTCGAAACTGGCAGGCTAGAGTCTTGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGCGTAGA
GATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACAAAGACTGACGCTCAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCC
TGGTAGTCCACGCCGTAAACGATGTCGATTTGGAGGTTGTGCCCTTGAGGCGTGGCTTCCGGAGCTAACGCGTTAAATCGACCGCCTGGGGAGT
ACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGATGCAACGCGAAGAACCTTACC
TGGTCTTGACATCCACAGAACTTTCCAGAGATGGCTTGGTGCCTTCGGGAACTGTGAGACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTTGTGA
AATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTATCCTTTGTTGCCAGCGGTCCGGCCGGGAACTCAAAGGAGACTGCCAGTGATAAACTG
GAGGAAGGTGGGGATGACGTCAAGTCATCATGGCCCTTACGACCAGGGCTACACACGTGCTACAATGGCATATACAAAGAGAAGCGACCTCGC
GAGAGCAAGCGGACCTCATAAAGTATGTCGTAGTCCGGATTGGAGTCTGCAACTCGACTCCATGAAGTCGGAATCGCTAGTAATCGTAGATCAG
AATGCTACGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTGGGTTGCAAAGAAGTAGGTAGCTTAACCTTCGGGA
GGGCGCTTACCACTTTGT  
Annexure-20.  Sequence of Klebsiella pneumoniae KP5 (956 bp). 
 
 
AGAGTTTGATCCTGGCTCAGATTGAACGCTGGCGGCAGGCCTAACACATGCAAGTCGAGCGGCAGCGGGACCTTCGGGTTGCCGGCGAGCGGCG
GACGGGTGAGTAATGCCTAGGAATCTGCCTGTTAGTGGGGGATAACGCGGGGAAACTCGCGCTAATACCGCATACGTCCTACGGGAGAAAGTG
GGGGACCTTCGGGCCTCACGCTAACAGATGAGCCTAGGTCGGATTAGCTAGTTGGTGGGGTAACGGCCCACCAAGGCGACGATCCGTAACTGGT
CTGAGAGGATGATCAGTCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCT
GATCCAGCCATGCCGCGTGTGTGAAGAAGGTCTTCGGATTGTAAAGCACTTTAAGCCGGGAGGAAGGGCTGTAGGCGAATACCCTGCAGTCTTG
ACGTTACCGGCAGAATAAGCACCGGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAG
CGCGCGTAGGTGGTTTGGTAAGTTGGATGTGAAAGCCCCGGGCTCAACCTGGGAACTGCATCCAAAACTGCCTGGCTAGAGTACGGTAGAGGGT
GGTGGAATTTCCTGTGTAGCGGTGAAATGCGTAGATATAGGAAGGAACACCAGTGGCGAAGGCGACCACCTGGACTGATACTGACACTGAGGT
GCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGTCGACTAGCCGTTGGGCTCCTTGAGAGCTTAGTGG
CGCAGCTAACGCATTAAGTCGACCGCCTGGAGAGTACGGCCGCAAGGTTAAAACTCA AATGAATTGACGG  
 
Annexure-21. Sequence of Azotobacter vinelandii AZCH6 (913 bp). 
 
 
 
 
      
 254
    Annexure-22.   Colonization of test bacterial isolates in rhizosphere of Triticum aestivum.  
In vitro 
biofilm 
forming 
ability 
Isolate no. Sterile/ 
unsterile 
soil 
Rifampicin  
concentration 
(µg ml-1) 
Plate count CFU g-1 of rhizospheric soil 
Sampling days (after sowing) 
15 30 45 
Strong DCP2 Rifr U 400 2.1x105± 0.1x105 2.6x106±0.2x106 1.9x105±0.1x105 
 DCP2 Parent S 0 2.3x106± 0.2x106 3.1x107±0.25x107 2.9x106±0.2x106 
Moderate DCP4 Rifr U 400 1.10x105±0.05 x105 1.4x106±0.08x106 1.1x104±0.08x104 
 DCP4 Parent S 0 1.2x106± 0.04x106 1.9x107±0.1x107 1.5x105±0.12x105 
Moderate MW3 Rifr U 800 1.1x104± 0.05x104 1.4x105±0.08x105 0.9x104±0.06x104 
 MW3 Parent S 0 1.5x105±0.04x105 2.0x106±0.15x106 1.8x104±0.15x104 
Strong MW4 Rifr U 800 2.8x105±0.2x105 3.6x106±0.25x106 1.8x105±0.12x105 
 MW4 Parent S 0 3.8x106±0.3x106 4.4x107±0.3x107 2.9x105±0.18x105 
Moderate BD6 Rifr U 100 0.9x104±0.02x104 1.2x105±0.05x105 0.8x104±0.05x104 
 BD6 Parent S 0 1.3x105±0.04x105 1.8x106±0.09x106 1.2x104±x0.08104 
Strong BCH4 Rifr U 100 1.7x105±0.08x105 2.8x106±0.2x106 1.5x104±0.1x104 
 BCH4 Parent S 0 1.9x105±0.09x105 2.6x106±0.2x106 1.8x105±0.1x105 
Strong BC1 Rifr U 200 1.5x105±0.09x105 2.1x106±0.2x106 1.8x104±0.1x104 
 BC1 Parent S 0 1.6x105±0.05x105 2.0x106±0.18x106 1.4x105±0.1x105 
Moderate BC5 Rifr U 200 0.8x104±0.05x104 1.2x105±0.05x105 0.7x104±0.05x104 
 BC5 Parent S 0 0.9x105±0.05x105 1.1x106±0.05x106 1.0x104±0.04x104 
Moderate KP4 Rifr U 400 1.1x104±0.08x104 1.8x106±0.1x106 1.5x105±0.08x105 
 KP4 Parent S 0 1.3x105±0.08x105 1.8x106±0.1x106 0.9x104±0.8x104 
Strong KP5 Rifr U 400 2.3x105±0.1x105 3.0x106±0.25x106 2.0x105±0.x105 
 KP5 Parent S 0 2.5x105±0.15x105 3.2x107±0.3x107 2.2x106±0.20x106 
Moderate AZCH5 Rifr U 200 1.11x102±0.1x102 2.3x103±0.2x103 2.1x102±0.2x102 
 AZCH5 Parent S 0 1.5x103±0.08x103 2.8x104±0.25x104 2.6x103±0.25x103 
Strong AZCH6 Rifr U 200 3.09x103±0.2x103 4.1x105±0.3x105 3.3x104±0.35x104 
 AZCH6 Parent S 0 4.1x104±0.3x104 5.1x105±0.45x105 4.3x104±0.5x104 
 DCP-Pseudomonas aeruginosa, MW-Pseudomonas fluorescens, BD, BCH-Bacillus subtilis, BC-Bacillus cereus, AZCH- Azotobacter  vinelandii, KP-Klebsiella pneumoniae, S-Sterile soil, U-unsterile 
soil, Rifr –Rifampicin resistant. The above values are calculated after normalization of CFU count with control plates inoculated with untreated rhizospheric soil. 
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Annexure-23. Colonization of test bacterial isolates in rhizosphere of Cicer arietinum. 
In vitro 
biofilm 
forming 
ability 
 Isolate no. Sterile/ 
unsterile 
soil 
Rifampicin  
concentration 
(µg ml-1) 
Plate count CFU g-1 rhizospheric soil 
Sampling days (after sowing) 
20 40 60 
Strong DCP2 Rifr U 400 2.2x105±0.2x105 2.7x106±0.25x106 1.4x105±0.1x105 
 DCP2 Parent S 0 2.0x106±0.2x106 2.9x107±0.25x107 2.1x106±0.25x106 
Moderate DCP4 Rifr U 400 0.9x105±0.04x105 1.2x106±0.1x106 1.0x104±0.1x104 
 DCP4 Parent S 0 1.1x106±0.1x106 1.5x107±0.1x107 1.0x105±0.08x105 
Moderate MW3 Rifr U 800 0.9x104±0.08x104 1.3x105±0.12x105 0.7x104±0.02x104 
 MW3 Parent S 0 1.6x105±0.12x105 2.1x106±0.2x106 1.9x104±0.12x104 
Strong MW4 Rifr U 800 3.0x105±0.25x105 3.7x106±0.35x106 2.3x105±0.20x105 
 MW4 Parent S 0 3.9x106±0.30x106 4.3x107±0.4x107 3.1x105±0.25x105 
Moderate BD6 Rifr U 100 0.8x104±0.06x104 1.5x105±0.08x105 1.0x103±0.08x103 
 BD6 Parent S 0 1.1x105±0.02x105 1.4x106±0.1x106 0.8x104±0.08x104 
Strong BCH4 Rifr U 100 1.8x105±0.04x105 3.0x106±0.25x106 2.0x104±0.20x104 
 BCH4 Parent S 0 1.5x106±0.05x106 2.4x107±0.20x107 1.4x105±0.12x105 
Strong BC1 Rifr U 200 1.3x105±0.10x105 2.0x106±0.15x106 1.6x104±0.15x104 
 BC1 Parent S 0 1.1x105±0.08x105 1.9x106±0.12x106 1.2x105±0.10x105 
Moderate BC5 Rifr U 200 0.5x104±0.04x104 0.8x105±0.04x105 0.6x104±0.02x104 
 BC5 Parent S 0 0.9x105±0.08x105 1.2x106±0.05x106 0.8x104±0.05x104 
Moderate KP4 Rifr U 400 1.0x104±0.1x104 1.6x106±0.1x106 1.2x105±0.08x105 
 KP4 Parent S 0 1.4x105±0.1x105 2.0x106±0.20x106 0.9x104±0.04x104 
Strong KP5 Rifr U 400 2.5x105±0.2x105 3.3x106±0.3x106 2.1x105±0.20x105 
 KP5 Parent S 0 2.3x105±0.2x105 3.0x107±0.3x107 2.0x106±0.20x106 
Moderate AZCH5 Rifr U 200 0.9x102±0.08x102 2.0x103±0.2x103 1.6x102±0.15x102 
 AZCH5 Parent S 0 1.3x103±0.12x103 2.2x104±0.2x104 2.0x103±0.18x103 
Strong AZCH6 Rifr U 200 3.1x103±0.3x103 4.0x105±0.4x105 3.0x104±0.25x104 
 AZCH6 Parent S 0 3.8x104±0.35x104 4.2x105±0.4x105 3.5x104±0.28x104 
DCP-Pseudomonas aeruginosa, MW-Pseudomonas fluorescens, BD, BCH-Bacillus subtilis, BC-Bacillus cereus, AZCH- Azotobacter  vinelandii, KP-Klebsiella pneumoniae, S-Sterile soil, U-unsterile 
soil, Rifr –Rifampicin resistant. The above values are calculated after normalization of CFU count with control plates inoculated with untreated rhizospheric soil. 
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Agriculture in the twenty-first century faces challenges, associated with loss of soil 
fertility, increased use of chemical fertilizers, pesticides, drought, salinity, fluctuating 
climatic conditions and growing attack on crops by pathogens and pest. The global 
requirement to increase agricultural production from a rapidly decreasing and 
degrading land resource base had placed considerable burden on the fragile 
agroecosystem. Considering the increase in worldwide population with the increase in 
environmental damage due to ever increasing industrialization, it is clear that in the 
coming next 50 years it will be a daunting task to feed the existing population, a 
problem that will increase with time. To feed the ever-increasing population, there is a 
greater challenge for tremendous increase in agricultural productivity in the 
sustainable and environmentally friendly manner. For producing more food, the world 
will require a variety of different strategies and approaches that must include 
sustainable and environmental friendly biological solution. The effective use of 
microbial resources such as PGPR in agriculture is an attractive strategy to address 
these problems. However, performance of microbial inoculants is subject to variation 
due to various biotic and abiotic factors. To overcome these problems a better 
understanding of plant- microbe interactions for enhanced root colonization by PGPR 
exhibiting desirable PGP and tolerance traits is needed. 
It is now accepted that most of the microbes live in composite sessile communities 
denominated as biofilms under natural conditions. In biofilms, cells grow as 
multicellular colonies, enclosed in a self-produced extracellular matrix which 
normally consists of polysaccharides, lipids, proteins and DNA. Biofilms provide 
several advantages to microbes including protection from stress conditions and 
resistance to toxic substances. On the other hand their close association with root 
surface is also beneficial to plants in several ways. It is expected that indigenous 
isolates of PGPR with strong biofilm forming ability on plant root may provide better 
root colonization and sustained PGP effects on crop even in stress conditions. 
Therefore, considering the importance of biofilm formation by rhizobacteria on plant 
surface and its possible beneficial impact, the present study has been planned with 
following aim and objectives.  
I.  To isolate and identify the selected rhizobacteria for their biofilm forming ability in 
vitro. 
II. To assess the tolerance among isolated bacteria to salt, antibiotics, and heavy 
metals.   
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III. Detection and quantitative estimation of plant growth promoting (PGP) activities 
of test bacteria. 
IV. To assess the root colonization by selected biofilm forming rhizobacteria having 
multiple PGP traits. 
V.  Performance of efficient root colonizing bacterial strains on plant growth and 
yield characteristics under control and field conditions. 
With the above objectives and results obtained and conclusion drawn are summarised 
below. 
Isolation of rhizobacteria on selective medium 
Rhizospheric soil samples were collected from locally cultivated crops mainly, wheat 
and chickpea. The samples were subjected to isolation of selective rhizobacteria on 
Kings B medium, peptone yeast dextrose agar (PYD) and Jensen’s medium. Typical 
colonies appeared on Kings B medium and suspected as Pseudomonas were isolated, 
purified and tentatively characterized. Similarly, heat treated rhizospheric soil were 
used to isolate selectively endospore former, Bacillus spp. on PYD medium.  Non-
pigmented   colonies of nitrogen fixer developed on Jensen’s medium were selected. 
The viable count of these groups of rhizobacteria varied from plant to plant as well as 
from location to location.  
Biochemically, majority of the selected Pseudomonas isolates exhibits fluorescens 
(yellow/green) and utilizes carbohydrate differentially. Similarly, isolates of Bacillus 
exhibited typical colonial and cultural characteristics. Colonies appeared on Jensen’s 
medium were biochemically distinguished as Azotobacter and some belongs to genus 
Klebsiella sp. While all Azotobacter isolates selected do not produce brown pigment 
on prolong incubation. Klebsiella isolates grow on nitrogen free medium, showed 
biochemical characteristics similar to Klebsiella pneumoniae. After screening more 
than 300 isolates for the presence of one or other (Phosphate solubilization / IAA 
production at 100 µg ml-1) plant growth promoting traits, 85 isolates belonging to 
Pseudomonas spp., Bacillus spp. and nitrogen fixers (Azotobacter sp. and Klebsiella 
sp.) were selected for further study.   
In vitro biofilm formation by rhizobacteria 
Biofilm forming ability of selected 85 rhizobacterial isolates was tested in microtiter 
plate using crystal violet staining method. On the basis of optical density (O.D) at 590 
nm these isolates were grouped as moderate and strong biofilm former. Most of the 
isolates formed biofilm as rings at the air-liquid interface of the well of polystyrene 
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plates. Out of 40 Pseudomonas isolates, 19 (47.5%) formed strong biofilm, whereas 
68% of Bacillus and 60% of nitrogen fixer (Azotobacter sp. and Klebsiella sp.) 
isolates demonstrated strong biofilm respectively. Out of the eight Klebsiella isolates 
five (KP2, KP3, KP5, KP6 and KP15) demonstrated strong biofilm. Based on biofilm 
strength, five isolates of Pseudomonas (DCP2, DCP3, DCP9, DCP12 and WS1), three 
isolates of Bacillus (BD1, BCH4 and BC1) and one isolate of Klebsiella (KP5) 
identified as most promising in their ability to form biofilm. The biofilm strength of 
Azotobacter was comparatively less than above rhizobacteria. However the isolates, 
AZCH1, AZCH2, AZCH6 - AZCH9, formed relatively strong biofilm with in 
Azotobacter isolates. The findings demonstrated the biofilm formation ability varies 
even within the same group of isolates. 
Tolerance to salt, antibiotics, and heavy metals 
Tolerance to salt (NaCl) among the test rhizobacteria under study was assessed by 
determining minimum inhibitory concentration (MIC) using macrobroth dilution 
method.  Tolerance to salt (sodium chloride) was found up to 5% by all the test 
bacteria. Whereas 88, 72.5, and 25% isolates of Bacillus, Pseudomonas, and nitrogen 
fixers (Azotobacter sp. and Klebsiella sp.) respectively tolerated 6% of salt 
concentration. 
Tolerance/resistance to antibiotics was evaluated by disc diffusion assay against ten 
antibiotics. The Incidence of antibiotic resistance among Pseudomonas spp. isolates 
was highest against ampicillin,followed by cefuroxime,vancomycin, chloramphenicol,  
nalidixic acid, doxycycline, rifampicin, tetracycline and kanamycin. Least resistance 
was observed against streptomycin (30%).  
In case of Bacillus spp. all the isolates were found sensitive to chloramphenicol and 
rifampicin. Maximum resistance was observed against nalidixic acid and cefuroxime 
(28%) each, followed by ampicillin, vancomycin, kanamycin, doxycycline and 
tetracycline. Similarly, nitrogen fixers (Azotobacter sp. and Klebsiella sp.) showed 
maximum resistance to ampicillin. The pattern of antibiotic resistance was in the 
decreasing order of cefuroxime < kanamycin <  rifampicin < streptomycin < nalidixic 
acid < vancomycin < doxycycline < chloramphenicol. Multiple resistances to 
antibiotics in soil bacteria are not surprising as resistance to antibiotics is now 
common in both clinical and environmental isolates. Soil contamination due to 
irrigation with sewage and industrial wastewater in Aligarh might also contribute such 
increase in tolerance to antibiotics 
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These rhizobacteria were further tested for their tolerance to heavy metals (Cd, Cu, 
Co, Ni, Hg and Pb). These isolates showed varied level of tolerance with MIC ranging 
from 4 to 2048 µg ml-1.  The tolerance level for Pb was maximum (MIC-2048 µg ml-
1) among Pseudomonas followed by nitrogen fixers and Bacillus. Moreover, least 
MIC was observed for mercury among all the test isolates. 
Plant growth promoting activities of rhizobacteria 
All the rhizobacterial isolates belonging to Pseudomonas, Bacillus and nitrogen fixer 
(Azotobacter sp. and Klebsiella sp.) groups were evaluated for their plant growth 
promoting activities such as phosphate solubilization, production of Indole acetic acid 
(IAA), siderophore, hydrogen cyanide, ammonia, 1-Aminocyclopropane-1-
carboxylate (ACC) deaminase, exopolysaccharides and antifungal activity.  
IAA production by bacterial isolates of all groups was tested at different 
concentrations (0, 50, 100, 200, 400 and 500 µg ml-1) of tryptophan. There was an 
increase in IAA production with the increase in tryptophan concentration. Among 
Pseudomonas two isolates DCP2 and MW4 produced considerable amount of IAA, 
156.48 and 141.57 µg ml-1 of IAA at 500 µg ml-1 of tryptophan concentration. 
Moreover, low amount (2.72 to 13.33 µg ml-1 ) of IAA production was also observed 
in the absence of tryptophan among twenty four isolates. Similarly, among Bacillus 
isolates IAA production ranged from 32.16 to 116.16 µg ml-1 at 500 µg ml-1 of 
tryptophan. Bacillus isolate BCH6 produced maximum IAA (116.16 µg ml-1) 
followed by BCH7 (110.06 µg ml-1). Nitrogen fixers (Azotobacter sp. and Klebsiella 
sp.) were also found to produce substantial amount of IAA in the presence of different 
concentration of tryptophan.  Isolate KP5 produced 153.65 µg ml-1 of IAA at 500 µg 
ml-1 of tryptophan.  However, IAA produced by majority of the isolates at 500 µg ml-1 
of tryptophan concentration was above 100 µg ml-1. 
Solubilization of tricalcium phosphate by all test isolates was tested on Pikovskaya's 
agar plate after seven days was evident by the production of clear zone. Among the 40 
Pseudomonas isolates 75% were found positive for phosphate solubilisation. The 
ability of phosphate solubilisation was further assayed in liquid Pikovskaya's medium 
at different time of incubation. Maximum amount of phosphate solubilised was 
maximum at 5th and 7th day of incubation by 46.6 and 53.3% of isolates respectively. 
Isolate (DCP2) solubilized maximum phosphate (596.51 µg ml-1) at day 7th followed 
by MW8 (557.43 µg ml-1). Likewise, 20 Bacillus isolates were able to solubilise 
phosphate on Pikovskaya's agar medium. Where, the maximum zone of phosphate 
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solubilization was produced by BCH4 (14 mm). Further, the maximum amount of 
phosphate was solubilised by isolate BCH4 (300.86 µg ml-1) at day 7th in broth 
medium. Similarly, among nitrogen fixer isolates (Azotobacter sp. and Klebsiella sp.) 
14 (70%) solubilised phosphate on solid medium. Further, quantitative estimation 
revealed maximum level of phosphate solubilisation at day 7th. The highest amount of 
phosphate was solubilized by isolate AZCH6 (488.13 µg ml-1) at day 7th.  
Siderophore production was tested for all the isolates on CAS agar plates. Among 
Pseudomonas isolates, 37 (92.5%) were found positive for siderophore production, in 
which isolate DCP2  and MW4 produced maximum halo of 19.2 and 21 mm 
respectively. Further the siderophore production was also quantified in broth medium. 
The Pseudomonas isolates produced salicylate type of siderophores in the range of 
10.15 to 24.21 µg ml-1 , whereas, benzoate types of siderophore varied from 5.41 to 
17.09 µg ml-1. The highest amount of salicylate type of siderophores was produced by 
DCP9 (24.21 µg ml-1). Among Bacillus isolates, 24 (96%) were positive for 
siderophore production. The quantitative estimation of siderophore, among the 24 
isolates varied from 0.24 to 32.40 µg ml-1 for salicylate type and 0.42 to 9.92 for 
benzoate types of siderophore. Moreover, isolate BCH4 produces maximum amount 
(32.40 µg ml-1) of salicylate type of siderophores. Similarly, majority (95%)   of the 
nitrogen fixers (Azotobacter sp. and Klebsiella sp.) produced siderophore. The 
amount of siderophore estimated varied from 10.40 to 33.60 µg ml-1 for salicylate 
type and 4.07 to 16.63 µg ml-1 for benzoates types. Klebsiella (KP5) produced highest 
amount of both types of siderophore among nitrogen fixers. 
Exopolysaccharides production found among all the rhizobacterial isolates. For 
Pseudomonas isolates the amount of exopolysaccharides varied from 0.45 to 3.01 g l-
1, where maximum exopolysaccharides production was recorded in MW4 (3.01 g l-1), 
followed by MW8 (2.71 g l-1) and DCP2 (2.66 g l-1). Similarly, exopolysaccharides 
production among Bacillus isolates varied from 0.77 to 3.72 g l-1.  Two isolates BCH4 
and BCH6 produced 3.72 and 2.56 g l-1 respectively. A similar result for 
exopolysaccharides production was also observed among nitrogen fixers (Azotobacter 
sp. and Klebsiella sp.) Where the maximum exopolysaccharides production was 
recorded in KP5 (2.96 g l-1), KP2 (2.44 g l-1), KP15 (2.43 g l-1) and KP6 (1.85 g l-1). 
Antifungal activity of isolates belonging to Pseudomonas, Bacillus and nitrogen fixers 
(Azotobacter sp.  and Klebsiella sp.) was determined against five phytopathogenic 
fungi (Aspergillus niger, Fusarium oxysporum, Fusarium solani, Fusarium ciceri, and 
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Alternaria alternata). It was found that maximum isolates (27%) inhibit the growth of 
Fusarium oxysporum follwed by Aspergillus niger, Fusarium solani, Fusarium ciceri 
and Alternaria alternata. 
PGP based typing of rhizobacterial isolates  
Based on the presence of plant growth promoting activities among test rhizobacteria, 
they were grouped into PGP types. Forty Pseudomonas isolates were grouped into 13 
PGP types. Most common PGP types are type I, II, which contain 22.5 and 15% 
isolates respectively followed by type III, IV, and V with 10% isolates each. Most of 
the PGP types contain isolates which exhibited multiple PGP traits. Similarly, the 
Bacillus isolates were grouped into nine PGP types. Further the nitrogen fixers were 
also categorized into nine PGP types. Type I with 25% isolates, followed by type II 
and III with 20% isolates each with multiple PGP traits.  
Effect of test rhizobacterial isolates on seed germination and seedling growth 
Effect of test bacterial isolates treatment on seed germination and seedling growth of 
Triticum aestivum (var. PBW-343) and Cicer arietinum (var. Avrodhi) was estimated 
after seven days. The test rhizobacterial isolates were categorised into two groups 
both for wheat and chickpea based on percent seed germination, root and shoot 
length. In case of wheat group I consist of 55, 44, 50 and 37.5% isolates of 
Pseudomonas, Bacillus, Azotobacter and Klebsiella respectively which increased the 
seed germination upto 15.7%, root length (28.7%) and shoot length (26.3%) over 
uninoculated control. The group II comprises 18, 14, 6 and 5% isolates of 
Pseudomonas, Bacillus, Azotobacter and Klebsiella respectively, which enhanced the 
seed germination, root and shoot length up to 25, 74.1 and 78.9% respectively 
compared to control. It was observed that group II contains the most efficient isolates 
that considerably increased the seed germination, root and shoot length. Further, none 
of the isolates were found to adversely affect the seed germination and growth of 
wheat. Effect of inoculation on chickpea was almost similar to that of wheat with 
some variation. 
Identification of selected rhizobacterial isolates using 16S rRNA partial gene 
sequencing 
On the basis of biofilm forming capability in vitro, plant growth promoting traits and 
effect on seed germination and seedling growth, certain isolates were selected from 
each group and characterized up to species level using 16S rRNA partial gene 
sequencing. Isolates DCP2, MW4, PQ1, WS1, and PB5 from Pseudomonas group, 
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isolates BC1, BD6 and BCH4 from Bacillus group and KP5, AZCH6 from nitrogen 
fixer group were selected for molecular identification. These isolates were 
characterized commercially using the service of Macrogen Inc. Seoul, South Korea. 
The partial sequences obtained were submitted in National Center for Biotechnology 
Information (NCBI-Genbank, www.ncbi.nlm.nih.gov) and accession numbers for 
each isolate was obtained. Pseudomonas aeruginosa DCP2 (KR813019), 
Pseudomonas fluorescens MW4 (KF555376), Pseudomonas sp. PQ1 (KT423120), 
Pseudomonas fluorescens WS1 (KT447541), Pseudomonas boreopolis PB5 
(KT423121), Bacillus cereus BC1 (KR996707), Bacillus subtilis BD6 (KT423119),  
Bacillus subtilis BCH4 (KR996708), Klebsiella pneumoniae KP5 (KM492940), 
Azotobater vinelandii  AZCH6 (KR996709). Related sequences obtained from the 
database were used to construct a phylogenetic tree using MEGA5 software. 
Biofilm strengths of selected PGPR on glass surface  
 Biofilm formed by selected rhizobacterial isolates were further studied on glass 
coverslips using light and confocal laser scanning microscopy. The light microscopy 
results of biofilm formation on glass coverslips stained with 0.1% crystal violets 
revealed that isolates DCP2 (Pseudomonas aeruginosa), MW4 (Pseudomonas 
fluorescens), BC1 (Bacillus cereus), BCH4 (Bacillus subtilis), KP5 (Klebsiella 
pneumoniae), and AZCH6 (Azotobacter vinelandii) formed dense biofilm formation 
at air-liquid interface compared to their moderate biofilm counterpart (DCP4, MW3, 
BC5, BD6, KP4 and AZCH5) which form thin and scattered biofilm. The biofilm 
formed by these isolates was characterized by the presence of EPS matrix.  
To further, confirm the strength of biofilm formed by the test rhizobacterial isolates, 
the confocal laser scanning microscopy (CLSM) was used. The 3D-confocal 
micrographs showed the presence of EPS surrounded cells adhered to glass surface in 
the form of colonies and mature biofilms. These biofilms are characterized by the 
presence of hollow channels. Strong biofilm forming isolate Pseudomonas aeruginosa 
DCP2 showed the clump of cells surrounded by EPS matrix whereas the 
corresponding control (DCP4-moderate biofilm former) demonstrated scattered small 
clump of cells representing microcolonies. Similar, results of biofilm formation by 
other isolates (Pseudomonas fluorescens MW4, Bacillus cereus BC1, Bacillus subtilis 
BCH4, Klebsiella pneumonaie KP5 and Azotobacter vinelandii AZCH6) were 
reported compared to their corresponding moderate biofilm formers (MW3, BC5, 
BD6, KP4 and AZCH5). Further, the 3D structure of biofilm formed on glass 
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coverslips by the above mentioned isolates were examined by CLSM Z-scans. The 
data obtained, revealed the depth of 3D structure of biofilm. The average thickness of 
the biofilm formed by Bacillus subtilis BCH4, Pseudomonas fluorescens MW4, 
Aztobacter vinelandii AZCH6, Klebsiella pneumoniae KP5, Pseudomonas aeruginosa 
DCP2 and Bacillus cereus BC1 were found to be 26.54, 19.29, 17.33, 15.60, 5.49, and 
5.07 μm respectively. 
Root colonization of selected rhizobacteria and their Rifr mutant in sterile and 
unsterile soil 
The rifampicin resistant mutants of selected rhizobacterial isolates with strong and 
moderate biofilm forming ability were evaluated for their colonization potential in the 
rhizoplane and rhizosphere of wheat and chickpea. The surface sterilized seeds of 
wheat (Triticum aestivum var. PBW-343) and chickpea (Cicer arietinum var. 
Avrodhi) were bacterised with these bacterial isolates and sown in sterile and non-
sterile soil in pots. The wheat and chickpea plants were grown upto 45 and 60 days 
respectively. The data obtained revealed that the parent isolates population in 
rhizoplane and rhizosphere of strong biofilm forming Pseudomonas isolates varied, 
according to time of sampling both for wheat and chickpea.  The parent viable count 
on rhizoplane of wheat under sterile soil for isolate of Pseudomonas aeruginosa 
(DCP2) after seed bacterisation showed a decrease on day 15 (27x105), which 
increased to 320x105 in next 15 days (30 days after sowing) and then starts declining 
and reached to 30 x105 on day 45. Similarly for Rifr mutant isolate of Pseudomonas 
aeruginosa (DCP2), the wheat rhizoplane CFU count in unsterile soil at day 15 was 
found to be 25x105, that increased to 290 x105 and start declining from day 30, and 
reached to 2.6 x105. Similar pattern of bacterial population in rhizoplane of chickpea 
under sterile and unsterile soil was observed. The rhizoplane count for Bacillus and 
nitrogen fixers (Azotobacter sp. and Klebsiella sp.) for wheat and chickpea under 
sterile and unsterile soil showed similar pattern of bacterial viable count. The 
rhizospheric viable count of all the bacterial isolates belonging to these three groups 
for parents and their rifr mutants under sterile and unsterile soil showed successful 
bacterial colonization on plant roots. Further the colonization data revealed that the 
CFU count in sterile soil conditions both for rhizoplane and rhizosphere were high 
compared to unsterile soil. Moreover the observation also demonstrated that the 
isolates with strong biofilm forming capability in vitro colonized better compared to 
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moderate biofilm former as depicted by their CFU count in rhizoplane and 
rhizosphere.  
Biofilm formation on root surface by selected rhizobacteria 
A total of 12 rhizobacteria selected on the basis of strong (DCP2, MW4, BC1, BCH4, 
KP5 and AZCH6) and moderate (DCP4, MW3, BC5, BD6, KP4 and AZCH5) biofilm 
forming ability in vitro and multiple PGP traits were subjected for biofilm formation 
on root surface of wheat and chickpea seedlings grown aseptically and treated with 
culture of individual rhizobacteria and adhered cells were visualized after 24 h by 
scanning electron (SEM) and confocal laser scanning microscopy (CLSM) for root 
adherence and biofilm formation. 
SEM of biofilm on wheat and chickpea root seedlings 
Root sections of Triticum aestivum (wheat) bacterized with Pseudomonas aeruginosa 
DCP2 (strong biofilm former) and DCP4 (moderate biofilm former) were examined. 
The isolate DCP2 was more consistently adhered on the surface of roots as compared 
to isolate DCP4. Negative control (untreated) roots showed adherence of only few 
microbial cells. Similarly, the Pseudomonas fluorescens MW4 (strong biofilm 
former) and MW3 (moderate biofilm former) microscopy images revealed that cells 
of MW4 colonized the root of wheat and form robust biofilm on root surface. On the 
other hand MW3 showed low density of bacterial cells adhered to the root surface. No 
adherent microbial cells were observed in the negative control treatments on most of 
the of the observed root samples. Bacillus cereus BC1 showed better cell density, root 
colonization and biofilm formation compared to BC5. Similarly, the electron 
microscopy images of isolates of Bacillus subtilis BCH4 (strong biofilm former) 
revealed that cells of BCH4 were evenly adhered on the root surface of wheat 
compared to BD6 (moderate biofilm former), which showed sparsely scattered 
bacterial cells and thin biofilm and root colonization. Bacillus subtilis BCH4 heavily 
colonizes the root surface forming dense carpet-like configuration of test bacterial 
cells attached to the root surface. Whereas few attached bacterial cells were observed 
in control (uninoculated). In the same way, the SEM images of wheat root bacterised 
with nitrogen fixers (Klebsiella pneumoniae KP5) showed the root colonization and 
robust biofilm formation clearly demonstrated the presence of extracellular polymeric 
substances (EPS) matrix in biofilm. The presence of loosely attached cells with low 
cell density represents the thin biofilm formation by KP4. Azotobacter vinelandii 
AZCH6 revealed the consistent distribution of Azotobacter cells on the root surface of 
 265
wheat compared to AZCH5, which showed weak root colonization and biofilm 
formation. A compact mat like structure of bacterial cells adhered to root surface was 
observed, that clearly demonstrate root colonization and strong biofilm formation by 
the test isolate. While comparing the SEM images for  robustness of biofilm formed 
by these isolates on the root surface of wheat, the robustness of biofilm decreased in 
the following order: Azotobater vinelandii AZCH6 < Bacillus subtilis BCH4 < 
Pseudomonas fluorescens MW4 < Klebsiella pneumoniae KP5 < Bacillus cereus BC1 
< Pseudomonas aeruginosa DCP2. Therefore, strong biofilm forming capability in 
vitro correlates its ability to form similar extent of biofilm on plant root surface. 
CLSM of biofilm on root surface of wheat 
The CLSM images revealed colonization and robust biofilm formation on the root 
surface of wheat by Pseudomonas aeruginosa DCP2 as evident by the green colour 
compared to moderate biofilm former-DCP4. Similarly, biofilm formation on root 
surface of wheat inoculated with Pseudomonas fluorescens MW4, revealed the 
formation of biofilm patches that covered the whole root whereas little or no biofilm 
formation was observed in corresponding moderate biofilm former. In case of 
Bacillus cereus BC1 and Bacillus subtilis BCH4, the isolates showed the aggregation 
as colonization and biofilm formation on root surface and root hairs also. Similar 
pattern of biofilm formaton on root surface of wheat was also revealed in case of 
Klebsiella pneumoniae KP5 and Azotobacter vinelandii AZCH6). Thus, the CLSM 
observation correlates with the observation made by SEM. 
Biofilm on chickpea root seedlings 
The interaction of Pseudomonas aeruginosa DCP2 with chickpea root analysed by 
scanning electron microscopy depicts the presence, colonization and dense biofilm 
formation by isolate DCP2 (strong biofilm former) compared to DCP4, which showed 
loose biofilm formation. The untreated (control) roots showed the presence of some 
soil microorganisms. Similarly, the interaction of other isolates (Pseudomonas 
fluorescens MW4, Bacillus subtilis BCH4 and Klebsiella pneumoniae KP5) along 
with their corresponding moderate biofilm former (MW3, BD6 and KP4) when 
analysed by SEM, the micrographs showed that these rhizobacterial isolates formed 
robust biofilms compared to MW3, BD6 and KP4, which established the role of 
biofilm formation in colonization, that affect the plant growth in beneficial ways. 
Whereas few adhered microbial cells were observed on the root surface of control 
(uninoculated) seedlings. 
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However, the SEM micrographs of chickpea (Cicer arietinum) seedling roots 
inoculated by Bacillus cereus BC1 and its corresponding control (BC5) showed 
similar pattern of colonization and biofilm formation to that of BC1. The control 
seedling (uninoculated) demonstrated the presence of few microbial cells. Similarly, 
in the case of Azotobacter vinelandii AZCH6, the SEM analysis of root surface 
depicts the colonization and biofilm formation of almost same degree both by AZCH6 
and AZCH5. The level of biofilm robustness is in the order of Azotobater vinelandii 
AZCH6 > Bacillus subtilis BCH4 > Bacillus cereus BC1> Klebsiella pneumoniae 
KP5 > Pseudomonas fluorescens MW4 > Pseudomonas aeruginosa DCP2.  Further, 
the biofilm formation were also analysed on chickpea roots by CLSM. These biofilm 
structures covered the whole root systems with uneven distribution as evident by the 
green coloured patches marked by the presence of empty channels compared to 
moderate biofilm former which showed thin patches of biofilm covering margins of 
root. The observation revealed that these rhizobacteria showed no specific host 
preference as far as biofilm formation stage is concern. Therefore, these isolates are 
equally effective for both crops for root colonization. 
Scanning electron microscopy of plant root associated biofilm under soil-plant 
system 
Further, the colonization potential and biofilm formation by the selected 
rhizobacterial isolates (Pseudomonas aeruginosa DCP2, Pseudomonas fluorescens 
MW4, Bacillus cereus BC1, Bacillus subtilis BCH4, Klebsiella pneumoniae KP5 and 
Azotobacter vinelandii AZCH6) were also studied under sterile soil conditions on 
wheat and chickpea roots after 15 days of growth. The data obtained in the form of 
SEM images clearly demonstrated the colonization potential and biofilm formation by 
the target isolates on root surface of wheat and chickpea, which demonstrated the 
colonization and biofilm formation under sterile soil-plant system. The images clearly 
depict the presence of EPS matrix that is necessary to maintain biofilm architecture. 
Effect of inoculation of selected strong biofilm forming isolates on plant growth 
under pot and field conditions 
Pot culture 
A preliminary one year data on inoculation response of selected bacteria and their 
combination were generated for only vegetative growth stage of wheat and chickpea 
plants. 
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Wheat 
The data obtained after inoculating wheat with rhizobacterial isolates indicated that 
the test isolates showed significant (P < 0.05) increase in all vegetative parameters 
(root length, shoot length, fresh root and shoot weight,  dry root and shoot weight and 
chlorophyll) over uninoculated control. Single inoculation of the reference isolates 
(Azotobacter sp. and Pseudomonas sp.) marginally enhanced the root length by 6.8 
and 8.2% over uninoculated control respectively. Further the single inoculation of 
selected rhizobacterial isolates such as Pseudomonas aeruginosa and Pseudomonas 
fluorescens increase the root length by 14 and 15% respectively over uninoculated 
control. The combination of Bacillus subtilis and Pseudomonas fluorescens 
significantly increased the root length by 31.5% over uninoculated control. Whereas 
the triple combinations of Klebsiella pneumoniae (KP5) + Pseudomonas aeruginosa 
(DCP2)+ Bacillus cereus (BC1) and Azotobacter vinelandii (AZCH6)+ Bacillus  
subtilis (BCH4) + Pseudomonas fluorescens (MW4) maximally enhanced the root 
length among all the treatments over control by 39.8 and 49.4% respectively. Further, 
among single treatments inoculation of Pseudomonas fluorescens was found better 
compared to uninoculated plant which increased the shoot length by 27.64%. 
Similarly, the dual treatment maximally (51.7%) enhanced the shoot length. The triple 
inoculation of Azotobacter vinelandii (AZCH6) + Bacillus subtilis (BCH4) + 
Pseudomonas fluorescens (MW4) significantly increased the shoot length by 62.1%.  
A similar trend was also observed for fresh root, shoot weight, root dry weight, shoot 
dry weight and chlorophyll, where the triple inoculation maximally enhanced all 
vegetative growth parameters over control plant followed by dual and single 
inoculation. 
 Chickpea 
The data obtained on inoculation response to chickpeas indicated almost similar trend 
as obtained against wheat in terms of vegetative growth parameters. The shoot length 
of chickpea plant was increased to maximum (32.5 and 24.7%) over uninoculated and 
fertilised control respectively by the application of four inoculation of Mesorhizobium 
sp. + Azotobacter vinelandii (AZCH6)+ Bacillus  subtilis (BCH4) + Pseudomonas  
fluorescens (MW4). Similar trends were also observed for fresh root, shoot weight, 
dry root, shoot weight, chlorophyll, nodule number and nodule dry weight. Moreover, 
while comparing the inoculation effect of each treatment on percent increase in 
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vegetative growth parameters, the percent growth decrease in the following order: 
four<triple<dual<single treatment. 
Field study 
In this study, above selected rhizobacteria along with two standard isolates (IARI 
biofertilizer preparations) were assessed for their plant growth promoting potential on 
wheat (Triticum aestivum var. PBW-343) grown under field conditions consequently 
for two years (2012 and 2013).   
Among all the single treatments, the application of Pseudomonas fluorescens 
increased the shoot dry biomass by 26, 43 and 30% in 2012 and 23, 40 and 30% in 
2013 at 50, 70 and 130 DAS respectively over uninoculated control. The dual 
application of Bacillus subtilis BCH4 and Pseudomonas fluorescens MW4 
significantly (P ≤ 0.05) increased the dry biomass of shoot by 52, 56 and 33% at 50, 
70 and 130 DAS over uninoculated plant in 2012. Moreover, the increase in second 
year (2013) was found to be 46, 52 and 33% for all the three stages of sampling 
respectively. The application of triple combination was found better compared to 
other treatments, uninoculated and fertilized control which significantly (P ≤  0.05) 
increase the shoot dry matter by 58, 62 and 40% at 50, 70, and 130 DAS respectively 
over uninoculated control in 2012.  In 2013, the increase recorded was 51, 57 and 
40% at all three stages of sampling over uninoculated control respectively. In general, 
the triple combination was found better compared to other treatments over 
uninoculated and fertilized control in both the year of experiment. Likewise, the triple 
combinations were found better among all the treatments which significantly 
increased the tiller number, chlorophyll content compared to reference strains and 
uninoculated control at 50, 70 and 130 DAS of sampling. The application of microbial 
inoculants as single, dual and triple combinations resulted in the increase of higher 
nitrogen uptake compared to uninoculated and fertilised control. The single 
application of Pseudomonas fluorescens increased the nitrogen uptake by 7, 22 and 
7% in 2012 and 6, 22 and 8% in 2013 at 50, 70 and 130 DAS respectively over 
unioculated control. In the dual application the maximum increase in nitrogen content 
was observed in Bacillus  subtilis (BCH4) + Pseudomonas fluorescens (MW4) which 
increased the nitrogen content by 18.74, 16.76 and 12.74 (mg g-1) at 50, 70 and 130 
DAS respectively in 2012. The highest increase in the nitrogen uptake in wheat plant 
was observed in triple inoculation of Azotobacter vinelandii (AZCH6) + Bacillus 
subtilis (BCH4) + Pseudomonas fluorescens (MW4), which increased the nitrogen 
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content by 45, 35 and 18% at 50, 70 and 130 DAS respectively in 2012. The increase 
in the second year of experiment (2013) was found to be 46, 36 and 20% at 50, 70 and 
130 DAS respectively. In general the triple treatment was found better among all the 
treatments. 
Yield attributes 
Yield parameters were positively affected by the application of selected rhizobacteria 
as single, dual and triple combinations. The triple inoculation of Azotobacter 
vinelandii (AZCH6) + Bacillus subtilis (BCH4) + Pseudomonas fluorescens (MW4) 
increased the grain yield to 972.07 (plant-1) and 980.02 (plant-1) in 2012 and 2013 
respectively over uninoculated control. The maximum seed protein content (215.97 
mg g-1) was observed with the application of Azotobacter vinelandii (AZCH6)+ 
Bacillus  subtilis (BCH4) + Pseudomonas fluorescens (MW4) in 2012 and 216.10 mg 
g-1 in 2013 as compared to uninoculated plant. When the sum of mean values of 
protein content of seed compared, it was observed that, the protein content decreased 
in the following order: triple<dual< single inoculation. 
The maximum yield (Kg ha-1) was recorded among the triple inoculation of 
Azotobacter vinelandii (AZCH6) + Bacillus subtilis (BCH4) + Pseudomonas 
fluorescens (MW4) which was 6525.84 and 6625.76 in 2012 and 2013 respectively. 
The application of Klebsiella pneumoniae (KP5) + Pseudomonas aeruginosa (DCP2) 
+ Bacillus cereus (BC1) resulted in yield of 6430.82 and 6530.79 Kg ha-1 in 2012 and 
2013 respectively compared to uninoculated and fertilized control. This increase in 
the yield was followed by the application of dual and single treatments. 
Overall, among single treatment, the performance on yield (Kg ha-1) of wheat was 
maximum with Pseudomonas fluorescens MW4> Pseudomonas aeruginosa DCP2 > 
Azotobacter vinelandii AZCH6 > Klebsiella pneumoniae KP5 > Bacillus subtilis 
BCH4 > Bacillus cereus BC1. While among combinations highest yield was achieved 
by the application of Azotobacter vinelandii (AZCH6) + Bacillus subtilis (BCH4) + 
Pseudomonas fluorescens (MW4). Dual inoculation of these organisms also showed 
synergistic response on yield. It is maximum with Bacillus subtilis (BCH4) + 
Pseudomonas fluorescens (MW4) followed by Azotobacter vinelandii (AZCH6) + 
Bacillus subtilis (BCH4). 
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Conclusion 
Based on the findings of the present investigation, the following conclusion can be 
drawn 
 Rhizobacteria isolated and characterized belonging to genus Pseudomonas, 
Bacillus, Azotobacter and Klebsiella and showed their common occurrence in 
the rhizospheric soil of Aligarh and exhibit varying level of tolerance to salt, 
antibiotics and heavy metals. 
 In vitro biofilm forming ability on polystyrene plates distinguish rhizobacteria 
into strong and moderate biofilm formers.  
 The selected rhizobacteria 85 isolates belonging to above group showed 
presence of more than one PGP activities such as phosphate solubilization, 
production of Indole acetic acid (IAA), siderophore, hydrogen cyanide, 
ammonia, 1-Aminocyclopropane-1-carboxylate (ACC) deaminase, 
exopolysaccharides and antifungal activity. Based on production of various 
PGP traits, these isolates were grouped different PGP types. 
 The quantitative evaluation of phosphate solubilization, production of IAA, 
siderophore and exopolysaccharides revealed different level of production of 
these traits. Highest amount of IAA production was observed among nitrogen 
Azotobacter sp. and Klebsiella sp.) at 500 µg ml-1 of tryptophan concentration 
followed by Pseudomonas isolates. Tryptophan concentration dependent 
production in IAA was evident in all cases. Similarly, maximum amount of 
phosphate was solubilized by Pseudomonas isolates followed by Azotobacter. 
Siderophores (both salicylic acid and 2, 3-dihydoxybenzoic acid) was 
produced in substantial amount, where maximum range was observed among 
Pseudomonas isolates followed by nitrogen fixers (Azotobacter and 
Klebsiella).These isolates also demonstrated the antifungal activity against 
five phytopathogenic fungi. The best antifungal activity was observed among 
Pseudomonas isolates.  All the test isolates also found to produce substantial 
amount of exopolysaccharides, where the maximum range was demonstrated 
by Pseudomonas isolates. On the basis of PGP traits and in vitro biofilm 
forming capacity a total of ten isolates were selected for further study and 
identified by 16S rRNA partial gene sequencing analysis and resulted in the 
identification of isolates close to Pseudomonas aeruginosa DCP2 
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(KR813019), Pseudomonas fluorescens MW4 (KF555376), Pseudomonas sp. 
PQ1 (KT423120), Pseudomonas fluorescens WS1 (KT447541), Pseudomonas 
boreopolis PB5 (KT423121), Bacillus cereus BC1 (KR996707), Bacillus 
subtilis BD6 (KT423119), Bacillus subtilis BCH4 (KR996708), Klebsiella 
pneumoniae KP5 (KM492940), Azotobater vinelandii  AZCH6 (KR996709) 
 Colonization and survival of selected six rhizobacteria and their respective 
spontaneous rifampicin mutants were demonstrated up to 45 days on wheat 
rhizoplane and rhizosphere and 60 days in chickpea under sterile and unsterile 
soil-plant system. The root colonization in terms of CFU count among the 
rifampicin mutants of strong biofilm former was in the decreasing order of 
Pseudomonas fluorescens MW4 < Bacillus subtilis BCH4 < Pseudomonas 
aeruginosa DCP2 < Bacillus cereus BC1 < Klebsiella pneumoniae KP5 < 
Azotobater vinelandii  AZCH6. These isolate showed relatively better 
colonization and survival compared to moderate biofilm formers. 
 The selected isolates formed robust biofilm on glass coverslips when 
examined under light microscope. CLSM micrographs further revealed the 3D 
biofilm formation on glass coverslips distinguished by the presence of EPS 
matrix and hollow channels, characteristics of biofilm. These isolates formed 
biofilm of varying thickness as evident by Z-stack analysis. Among all the 
isolates maximum thickness of biofilm was observed in Bacillus subtilis 
BCH4 (26.54 μm), followed by others in the order of Pseudomonas 
fluorescens MW4, Azotobacter vinelandii AZCH6, Klebsiella pneumoniae 
KP5, Pseudomonas aeruginosa DCP2 and Bacillus cereus BC1. 
 These isolate formed robust biofilm on the root surface of wheat and chickpea 
compared to their corresponding control, which was visualized by SEM and 
CLSM after treating the aseptically grown seedlings with individual 
rhizobacteria. However, in case of Bacillus cereus BC1 and Azotobacter 
vinelandii AZCH6 and their corresponding moderate biofilm former isolates 
showed the similar pattern of biofilm formation on root surface of chickpea. 
While comparing the SEM images for the robustness of biofilm formed by 
these isolates on the root surface of wheat, the robustness of biofilm decreased 
in the following order: Azotobater vinelandii AZCH6 < Bacillus subtilis 
BCH4 < Pseudomonas fluorescens MW4 < Klebsiella pneumoniae KP5 < 
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Bacillus cereus BC1 < Pseudomonas aeruginosa DCP2. Whereas in case of 
chickpea, the level of biofilm robustness is in the order of Azotobater 
vinelandii AZCH6 > Bacillus subtilis BCH4 > Bacillus cereus BC1> 
Klebsiella pneumoniae KP5 > Pseudomonas fluorescens MW4 > 
Pseudomonas aeruginosa DCP2.  
 These isolates also showed good colonization and biofilm formation on root 
surface of wheat and chickpea, when grown under sterile soil-plant system 
after inoculating seeds with individual rhizobacteria. Moreover, the level of 
biofilm formation on root surface of wheat under soil-plant system is in the 
following decreasing order: Pseudomonas fluorescens MW4 < Bacillus 
subtilis BCH4 < Bacillus cereus BC1< Pseudomonas aeruginosa DCP2 < 
Azotobater vinelandii AZCH6. On the other hand, a different pattern was 
observed in chickpea root surface biofilm in the order of Azotobater vinelandii 
AZCH6 > Bacillus cereus BC1> Pseudomonas fluorescens MW4 > Bacillus 
subtilis BCH4. Characterization of root biofilm by SEM and CLSM indicated 
the ability of rhizobacteria for effective colonization on root of wheat and 
chickpea. 
 Inoculation results of six rhizobacterial isolates in different combination along 
with standard isolates of Azotobacter sp. and Pseudomonas sp. in case of 
wheat and Azotobacter sp., Pseudomonas sp. and Mesorhozobium in case of 
chickpea under pot conditions demonstrated the enhanced vegetative growth 
of plant compared to uninoculated control. In wheat the order of plant growth 
parameters recorded among single inoculants was in the order of 
Pseudomonas fluorescens MW4 > Pseudomonas aeruginosa DCP2 > Bacillus 
subtilis BCH4 > Bacillus cereus BC1> Azotobacter vinelandii AZCH6 > 
Klebsiella pneumoniae KP5 compared to uninoculated control and reference 
strains (Azotobacter sp. and Pseudomonas sp.). The selected isolates in 
different combinations enhance vegetative plant growth parameters in wheat 
and chickpea which indicated their suitability for both crops. 
 Performance of these six bacteria when used as alone and in different 
combinations under field conditions revealed the increase in plant growth and 
crop yield during both years of experiments (2012 and 2013) over 
uninoculated plants. The best results was obtained when these isolates were 
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applied in triple combinations of Azotobacter vinelandii (AZCH6)+ Bacillus  
subtilis (BCH4) + Pseudomonas fluorescens (MW4) and Klebsiella 
pneumoniae (KP5) + Pseudomonas aeruginosa (DCP2)+ Bacillus cereus 
(BC1), followed by dual combination of Bacillus  subtilis (BCH4) + 
Pseudomonas fluorescens (MW4) and single inoculation of Pseudomonas 
fluorescens (MW4) compared to uninoculated control. Therefore, field 
experiment on wheat crop demonstrated the effectiveness of selected 
inoculants and their compatible combinations. 
On the basis of above investigation it is evident that biofilm forming trait of 
rhizobacteria should be considered an additional criteria for selection and 
development of efficient PGPR. 
Further study on the monitoring of bioinoculant in mixed biofilm under soil-
root system is to be conducted using suitable molecular based techniques. 
 
